A statistical evaluation of six classes of hydrocarbons: which classes are promising for future biodegraded ignitable liquid research? by Burdulis, Arielle
Boston University
OpenBU http://open.bu.edu
Theses & Dissertations Boston University Theses & Dissertations
2014
A statistical evaluation of six
classes of hydrocarbons: which
classes are promising for future
biodegraded ignitable liquid
research?
https://hdl.handle.net/2144/15221
Boston University
  
 
BOSTON UNIVERSITY  
SCHOOL OF MEDICINE 
 
Thesis 
 
A STATISTICAL EVALUATION OF SIX CLASSES OF HYDROCARBONS: 
WHICH CLASSES ARE PROMISING FOR FUTURE BIODEGRADED 
IGNITABLE LIQUID RESEARCH? 
 
by 
 
ARIELLE L. BURDULIS 
B.S., Becker College, 2011 
 
 
 
Submitted in partial fulfillment of the 
requirements for the degree of  
Master of Science 
2014 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
© Copyright by 
ARIELLE L. BURDULIS 
2014
  
Approved by 
 
 
First Reader    ______________________________________________________ 
  Adam B. Hall, Ph.D. 
  Instructor, Program in Biomedical Forensic Sciences 
  Department of Anatomy and Neurobiology 
   
 
 
Second Reader______________________________________________________ 
  Farzad Mortazavi, Ph.D. 
  Instructor of Anatomy and Neurobiology 
  Department of Anatomy and Neurobiology 
   
 
 
 
  
 
iv 
 
ACKNOWLEDGEMENTS 
I would like to sincerely thank Dr. Hall and Dr. Mortazavi for their precious time 
and all of their guidance throughout this research. Without their combined knowledge 
and experience in fire debris analysis (Dr. Hall) and statistical analyses (Dr. Mortazavi), 
this thesis would not have been possible. I believe I have asked more of them and for 
more of their time than any other student has, and I will forever be indebted to them for 
putting up with my extremely long e-mails and meetings that last much longer than 
expected. It has been a pleasure to have them both on my thesis committee.  
I would also like to thank Rachel Underwood from the Boston Police Department 
Crime Laboratory for agreeing to be the third reader of this thesis and for her time. 
 
“The roots of education are bitter, but the fruit is sweet”  
-Aristotle 
  
 
 
 
 
 
 
 
 
v 
 
A STATISTICAL EVALUATION OF SIX CLASSES OF HYDROCARBONS: 
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IGNITABLE LIQUID RESEARCH? 
ARIELLE L. BURDULIS 
Boston University School of Medicine, 2014 
ABSTRACT 
The current methods for identifying ignitable liquid residues in fire debris are 
heavily based on the holistic, qualitative interpretation of chromatographic patterns with 
the mass spectral identification of selected peaks. The identification of neat, unweathered 
ignitable liquids according to ASTM 1618 using these methods is relatively 
straightforward for the trained analyst. The challenges in fire debris analysis arise with 
phenomena such as evaporation, substrate interference, and biodegradation. These 
phenomena result in alterations of chromatographic patterns which can lead to 
misclassifications or false negatives. The biodegradation of ignitable liquids is generally 
known to be more complex than evaporation 20, and proceeds in a manner that is 
dependent on numerous factors such as: composition of the petroleum product/ignitable 
liquid, structure of the hydrocarbon compound, soil type, bacterial community, the type 
of microbial metabolism that is occurring, and the environmental conditions surrounding 
in the sample. While nothing can be done to prevent the biodegradation, continued 
research on biodegraded ignitable liquids and the characterization of the trends observed 
may be able to provide insight into how an analyst can identify a biodegraded ignitable 
liquid residue.  
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This research utilized normalized abundance values of select ions from pre-
existing gas chromatography-mass spectrometry (GC-MS) data on samples from three 
different gasoline and diesel biodegradation studies. A total of 18 ions were selected to 
indicate the presence of six hydrocarbon classes (three each for alkanes, aromatics, 
cycloalkanes, naphthalenes, indanes, and adamantanes) based on them being either base 
peaks or high abundance peaks within the electron impact mass spectra of compounds 
within that hydrocarbon class. The loss of ion abundance over the degradation periods 
was assessed by creating scatter plots and performing simple linear regression analyses. 
Coefficient of determination values, the standard error of the estimate, the slope, and the 
slope error of the best fit line were assessed to draw conclusions regarding which classes 
exhibited desirable characteristics, relative to the other classes, such as a linear 
degradation, low variation in abundance within the sampling days, and a slow rate of 
abundance loss over the degradation period. Additional analyses included two-way 
analysis of the variance (ANOVA), to assess the effects of time as well as different soil 
type on the degradation of the hydrocarbons, stepwise multinomial logistic regressions to 
identify which classes were the best predictors of the type of ignitable liquid, and one-
way ANOVAs to determine where the differences in the ratios of hydrocarbon classes 
existed within each of the ignitable liquids, as well as between the two liquids. 
Hydrocarbon classes identified as exhibiting characteristics such as slow and/or 
reliable rates of abundance loss during biodegradation are thought of as desirable for 
future validation studies, where specific ranges of hydrocarbon class abundance(s) may 
be used to identify the presence of a biodegraded ignitable liquid. Classes of 
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hydrocarbons that have experienced biodegradation that maintain an abundance close to 
that of a neat, non degraded counterpart, or that reliably degrade and have predictable 
abundance levels given a particular period of degradation, would be instrumental in 
determining whether or not an unknown sample contains an ignitable liquid residue. It is 
the hope that these assessments will not only provide helpful information to future 
researchers in the field of fire debris analysis, but that they will create interest in the 
quantitative, statistical assessment of ignitable liquid data for detection and identification 
purposes. 
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1. Introduction 
1.1 Arson 
Around the world, fires result in the loss of life and of property so extensive that they 
are known to be the second most destructive event next to a natural disaster 1. Arson is a 
crime that involves the deliberate act of starting a fire where the perpetrator has the intent 
of causing human harm and/or destroying property 2. The crime of arson is known to be 
one of the most difficult to prove in a court of law, and combustion event evidence (with 
arson evidence falling in that category) encompassing one of the largest categories of a 
forensic chemists’ caseload, second only to drug evidence 3. The FBI deems arson as a 
property crime and compiles information on reported arsons in the yearly Uniform Crime 
Report (UCR).  The UCRs have shown a slight decrease in the number of reported arsons 
over the past ten years, yet the seriousness of the crime remains the same. The average 
dollar loss per arson over the past ten years amounts to $15,974 with the highest average 
being reported in 2004 at $22,071 per arson 4. Although arson is termed a property crime, 
the intention of an arsonist may be to destroy evidence from a previously committed 
crime such as a homicide.  
An important aspect of the definition of arson is that the identification of an 
accelerant is not a requirement for legal purposes. An accelerant can be defined as any 
material that will start, increase the spread of, or sustain the fire 3. An accelerant can be 
anything from material solids that are capable of catching fire, to oxygen that is required 
to sustain the fire, to an ignitable liquid which is intended to both start and sustain a fire. 
Although the identification of an accelerant at a fire scene is not necessary to deem the 
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fire event an arson, the presence of certain accelerants, particularly ignitable liquids, may 
aid investigators in their determination as to whether the fire was intentionally set rather 
than natural or accidental 5. An ignitable liquid can be defined as any liquid that has the 
suitable chemical and physical properties that allow it to initiate or fuel a fire 6. A few 
examples of ignitable liquids include gasoline and diesel fuel which are petroleum-based 
ignitable liquids, and alcohols which are non-petroleum based. This introduction and 
research will focus on the use and analysis of petroleum-based ignitable liquids. The role 
of a forensic scientist in the investigation of a fire event is to determine whether or not an 
ignitable liquid or an ignitable liquid residue is present. The intended use of the ignitable 
liquid, whether as an accelerant in a malicious manner or otherwise, is left to the 
investigative team as that determination stretches beyond the bounds of an objective 
forensic scientist. 
1.2 Investigations of a Fire Event  
Fire investigations are notably some of the most challenging criminal investigations 
to undertake. A fire scene is typically heavily soiled with debris, and anything that has 
caught on fire will likely be deformed, possibly unable to be identified, or completely 
disintegrated. Trained fire scene investigators are tasked with identifying what is present 
at the scene, specifically materials that are likely to retain potential ignitable liquid 
residues. When collecting fire debris evidence, the origin of the fire or areas of patterned 
burns (fire trails) are often areas where samples are sought for collection since they 
typically represent areas where ignitable liquids may be found 7. After identifying areas 
of interest within the scene, the collection and preservation of fire debris evidence is one 
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of the most important steps in the investigation of a fire and has a direct impact of the 
findings of analysis. It is imperative that the investigator knows which types of substrates 
are the best at retaining ignitable liquids, if present, and what packaging is necessary to 
prevent loss of any volatile compounds within the sample between the time of collection 
and analysis. If an ignitable liquid is present, a poorly adsorbing substrate may hinder 
extraction of the ignitable liquid. Similarly, improper packaging of evidence can result in 
the loss of ignitable liquids due to evaporation.  The most useful samples to collect will 
have good absorptive properties. Some examples of substrates that have a greater 
retention of ignitable liquids are carpet and carpet padding, wood and paper products, and 
soil. One study concluded that 52% of all samples submitted are carpet and carpet 
padding with other common samples including fabric/paper at 11%, vinyl 
flooring/plastics at 11%, liquids at 5%, and soil/concrete at 5%6. The efforts to collect 
proper samples will be thwarted if the packaging of the samples is not in an air-tight 
fashion. Additionally, proper packaging and air-tight seals are imperative to the integrity 
of the evidence as any ignitable liquids that are present may become subject to partial or 
complete evaporation if measures are not taken to prevent it.  
1.3 Combustion Chemistry 
For a fire to occur, an uninhibited chemical reaction involving three components must 
occur. The three necessary components are a fuel, an oxidizer, and sufficient activation 
energy, with the first two components requiring a proper ratio for ignition of the fuel 6. 
CH4 + 2O2           CO2 + 2H2O + Energy 
Figure 1- Chemical Equation for the Combustion of Methane 
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A fuel can be almost anything that can be ignited in the presence of an oxidizer 
(most abundant being atmospheric oxygen) and sufficient activation energy, most 
commonly from heat. A couch, for example, can be a fuel. In the presence of oxygen and 
sufficient heat, a couch may ignite. Every material has an auto-ignition temperature, but 
for most materials, that temperature is extremely high and that is the reason why the 
materials we use in our day-to-day lives do not spontaneously ignite. The chemical 
reaction of a fuel and an oxidizer with energy input is known as a combustion reaction. A 
combustion reaction will continue until one of the three necessary components is 
removed or consumed.  
 
 
 
 
 
Figure 2- Fire Tetrahedron, depicting the three necessary components which need to 
undergo an uninhibited chain reaction for a fire to occur 
 
The fuel may be consumed, or if the fire is suppressed by means of smothering, the 
reaction may stop due to insufficient oxygen. Alternatively, when a fire is suppressed by 
means of water, the necessary energy (heat) to sustain the combustion is removed. The 
main products of a combustion reaction are carbon dioxide, water, and heat. Other 
products can be produced from the fuel that is burning. As mentioned previously, a fuel 
can be anything that is able to sustain a combustion reaction and can come from multiple 
different sources during the reaction. For example, if an ignitable liquid is placed onto a 
Heat 
Fuel  
Uninhibited Chain Reaction 
Oxidizer 
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couch and a fire is started on the couch, both the ignitable liquid and the couch act as 
fuels for the combustion reaction. An ignitable liquid residue may still be present within 
the couch material if the fire is extinguished before the couch is fully consumed, but the 
couch material, since it likely contributed reactants in the combustion reaction which 
produced the fire, is anticipated to be a contributor of combustion products which are 
commonly referred to as pyrolysis products. Pyrolysis products may interfere with or 
completely inhibit the identification of an ignitable liquid residue.  
1.4 Petroleum Refining  
Petroleum products are commonly utilized as ignitable liquids in arson cases. 
Gasoline, a well-known and easily accessible petroleum product, is the most commonly 
identified ignitable liquid in fire debris evidence 6. Petroleum products are derived from 
crude oil which is a complex mixture of thousands of hydrocarbon compounds of a wide 
range of molecular weights and structures 8. This complex mixture varies based on the 
source of the crude oil and thus, no two samples of crude oil will have the same exact 
composition. This allows for crude oils to be “fingerprinted” and uniquely characterized. 
The three major structures of hydrocarbons that are present in all crude oils in varying 
amounts, which in part allow them to be uniquely characterized, are paraffins (normal 
and iso-), naphthenics (cycloalkanes), and aromatics (mono and poly-nuclear aromatics). 
Asphaltenes and resins are also present in crude oils, but in lower relative amounts in 
comparison to paraffins, naphthenics, and aromatics. 8 
Refining and fractionation of crude petroleum is performed to generate a product 
with specific distributions of major hydrocarbon structures which then imparts specific 
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properties to the final product. These properties will then determine their possible end-
uses for industrial and consumer applications. The fractionation of crude petroleum is 
often accomplished by distillation (the separation of compounds based on boiling points), 
followed by a myriad of different chemical processes including alkylation or catalytic 
cracking in order to produce hydrocarbons that are more desirable for industrial and 
consumer use 9. The American Society for Testing and Materials (ASTM) has determined 
nine different classes of petroleum products characterized by the classes of hydrocarbons 
that are present. These nine classes include highly refined products that may contain only 
one of the major hydrocarbon classes in abundance, as well as petroleum distillates which 
are a mixture of different hydrocarbon classes. For categories that are mixtures, the 
classification is based roughly on the ratio of certain compounds that are present. 
Gasoline, for example, is a complex mixture that typically contains aromatic compounds 
in a higher abundance than any other hydrocarbon class 10. A distillate is a product that 
typically contains n-alkanes in a higher abundance than any other hydrocarbon class 10. 
Petroleum products are then further classified based on the weight range of the 
hydrocarbons present, creating three categories: light- compounds consisting of 
hydrocarbons with 4-9 carbons, medium- compounds consisting of hydrocarbons with 8-
13 carbons, and heavy- compounds consisting of 9-20+ carbons.  Below is the table of 
the nine different ASTM classes of petroleum products that details the structures of the 
abundant compounds that make up each of the nine classes, as well as some examples of 
consumer and industrial products that contain the products. It can be seen that many 
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ignitable liquids from different ASTM classification categories are present in products 
that could easily be obtained by the public: 
Table 1- ASTM Classification of Petroleum Products (developed from 11) 
Class Light (C4-9) Medium (C8-13) Heavy (C9-20+) 
Gasoline Fresh gasoline is typically in the range C4-C12 
Petroleum 
Distillates 
(Including De-
Aromatized 
Products) 
Cigarette Lighter 
Fluid 
Camping Fuels 
Charcoal Starters 
Paint Thinners 
Kerosene 
Diesel Fuel 
Charcoal Starters 
Isoparaffinic 
Products 
Aviation Gas 
Specialty Solvents 
Charcoal Starters 
Paint Thinners 
Copier Toners 
Commercial 
Specialty Solvents 
Aromatic 
Products 
Paint Removers 
Automotive Parts 
Cleaners 
Xylenes 
Automotive Parts 
Cleaners 
Insecticide 
Vehicles 
Insecticide 
Vehicles 
Industrial 
Cleaning Solvents 
Naphthenic 
Paraffinic 
Products 
Cyclohexane-
based Solvents 
Charcoal Starters 
Insecticide 
Vehicles 
Lamp Oils 
Insecticide 
Vehicles, Lamp 
Oils 
Industrial Solvents 
n-Alkane 
Products 
Solvents 
(Pentane, Hexane, 
Heptane) 
Candle Oils 
Copier Toners 
Candle Oil 
Carbonless forms 
Copier Toners 
Oxygenated 
Solvents 
Alcohols 
Ketones 
Lacquer Thinners 
Lacquer Thinners 
Industrial 
Solvents 
Gloss Removers 
N/A 
Others 
Single Component 
Products 
Blended Products; 
Enamel Reducers 
Turpentine 
Products 
Blended Products 
Specialty Products 
Blended Products 
Specialty Products 
 
The identification of the class and the weight range of product(s) that are present 
is the main goal of the fire debris analyst. It is important to mention that a fire debris 
analyst will typically identify a class of ignitable liquid rather than one of a particular 
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brand or from a specific source. There has been published research that shows the ability 
to correlate an ignitable liquid residue present on fire debris with a specific source 12, but 
that task has yet to reach mainstream fire debris analysis in the forensic laboratory. 
1.5 Identifying an Ignitable Liquid within Fire Debris: Sample Preparation 
and Instrumental Analysis 
The analysis of fire debris samples typically involves the extraction of the 
ignitable liquid from the substrate it is present on or contained within. Since ignitable 
liquids are volatile compounds, they are routinely extracted by heating the sample within 
an airtight container and using an adsorbent material such as carbon to adsorb the 
ignitable liquid vapors. The most common method used in forensic laboratories is 
referred to as heated headspace concentration. This method may be done in either a 
passive fashion, by simply letting the vapors concentrate in the headspace of the 
container, or in a dynamic fashion, by using a vacuum to constantly pull the volatilized 
compounds out of the headspace, not allowing equilibrium to be reached and thus 
possibly allowing for more volatiles to be elicited from the sample 13. Although each 
method has its advantages and disadvantages, the first method using passive headspace is 
more commonly employed as it allows for the effective sampling of a wide range of 
molecular weights, there is less solvent waste produced, and it is a non-destructive 
method. A general preparation scheme for heated passive headspace concentration as 
detailed by ASTM Standard E1412 involves suspending a carbon strip (the adsorbing 
material) in the headspace of an air-tight metal canister containing the fire debris 
evidence. Heating of the canister in an oven at temperatures between 60-90 degrees 
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Celsius for 12-16 hours will allow for ignitable liquids within the fire debris to volatilize 
and adsorb onto the suspended carbon strip. The carbon strip is then removed from the 
canister and extracted with a suitable solvent, typically carbon disulfide or pentane. An 
aliquot of the extract is then taken and prepared for gas chromatography-mass 
spectrometry (GC-MS) analysis. 
The dynamic extraction technique mentioned above that can be used for sample 
preparation of fire debris involves a more elaborate apparatus where a vacuum is needed 
to eradicate the container of the volatilizing vapors. The adsorbing material used in this 
technique also differs from passive headspace in that a tube coated with Tenax (2,6-
diphenylene oxide) is used to adsorb the volatile vapors as they travel through it 14. In 
order to extract the adsorbed species from the Tenax, the tube (glass) is broken and the 
Tenax removed for elution with an appropriate solvent. Additional extraction techniques 
exist and are typically used based on the circumstances and condition of the fire debris, 
usually with prior knowledge of what type of ignitable liquid may be present, and are 
used to exploit their advantages over the traditional passive headspace concentration.  
Two of the additional methods employed for ignitable liquid extraction are 
solvent extraction and solid-phase microextraction. Solvent extraction uses a suitable 
solvent such as pentane or carbon disulfide in which the fire debris is immersed. The 
solvent will solubilize ignitable liquids that are present as well as any other compounds 
that are soluble in the solvent. As expected, this technique may solubilize components not 
of interest to the fire debris analyst and may hinder the proper identification of an 
ignitable liquid if the interferences are prominent enough to skew the appearance of the 
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total ion chromatogram (TIC) 15. An advantage of using solvent extraction is the ability to 
extract a wide range of molecular weight compounds and thus the ability to differentiate 
two ignitable liquids such a kerosene and diesel which vary in the weight range of 
compounds they contain, is facilitated by the use of solvent extraction 16. Certainly, prior 
knowledge or an idea that a heavy petroleum distillate (HPD) may be present, sometimes 
as indicated by the odor of the sample 6, would be necessary to employ this technique 
without the repercussion of an unknown sample being lost in the lengthy evaporation step 
if it was a product in the light range (being of low molecular weight and more prone to 
evaporation). Additionally, a relatively clean sample (not believed to inherently contain 
petroleum products and not heavily soiled with carbonaceous matter or debris) is 
desirable if solvent extraction is to be employed. 
Solid phase micro-extraction is a technique that uses a fiber needle coated with a 
stationary phase as the adsorbent. This technique is advantageous for liquid samples since 
the needle may be submersed in a liquid as it will not adsorb polar compounds such as 
water 14. It is also advantageous when a small amount of sample or very low 
concentration of sample is present. The main disadvantage of the technique comes from 
the limited surface area of the adsorbent. This can cause displacement to occur and a 
discrimination towards compounds that are present in the highest concentration as they 
may saturate the adsorbent, not allowing for compounds present in a lower concentration 
to adsorb to the fiber’s surface 17.  
The methods of fire debris analysis have evolved drastically over the years from 
very crude methods such as scent detection, to more scientific methods such as specific 
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gravity and refractive index determination, to instrumental analysis techniques 6. The 
instrumental analysis techniques, specifically hyphenated techniques such as GC-MS, are 
commonly employed in fire debris analysis as they can provide both separation and 
identification of the compounds within a questioned sample. GC was first used in fire 
debris analysis the 1960s and has been the analytical method of choice since then due to 
its superior ability to separate non-polar compounds 6. The detector of the GC instrument 
during that time period was typically a flame-ionization detector, capable of detecting 
carbonaceous compounds. Mass spectrometry began to be coupled with GC in the late 
1970’s and since that time, the primary technique for the analysis of fire debris has been 
GC-MS 6. Chromatography is necessary to provide a means of separation of at least some 
of the hundreds, if not thousands, of possible constituents in an ignitable liquid. For 
detection of the separated compounds, an FID provides the analyst with a pattern of 
peaks whose retention times can be compared to a known hydrocarbon standard in order 
to determine the weight range of the components in the sample. Pattern identification in 
fire debris analysis is an important part of the identification of an ignitable liquid, but for 
definitive identification of the class of the ignitable liquid, and to be able to identify 
certain pyrolysis products or non-petroleum product contributions to the chromatogram, a 
confirmatory technique such as mass spectrometry must be employed. 
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1.6 Interpretation of Ignitable Liquid Data 
The challenges that arise during fire debris analysis are notably ascribed to the 
interpretation of the data, as opposed to the generation of the data.  It is the combined 
interpretation of both the chromatography as well as the mass spectrometry data that is 
necessary to identify the presence of an ignitable liquid within fire debris. The 
complexity of the analytical data from ignitable liquid analysis makes the method of data 
interpretation in fire debris analysis unique. A TIC from gas chromatography of a neat 
ignitable liquid sample can yield hundreds of peaks, a far different result in comparison 
to other areas of forensic science such as drugs and toxicology where samples may yield 
relatively few peaks that can be used to identify the presence of a drug or toxin. 
Therefore, given the complexity of fire debris evidence, the first step in analysis is 
typically a holistic, qualitative approach using TIC pattern recognition. Although pattern 
recognition is typically the first important step in the interpretation of the data from a fire 
debris sample, there are relatively few sources that explain in a step-wise manner the 
methodology for pattern interpretation. Reference ignitable liquid chromatograms are 
made available in the published book GC-MS Guide to Ignitable Liquids 10. The focus of 
the textbook is to provide reference chromatograms to show the chromatographic patterns 
of different ignitable liquids, rather than to define steps an analyst should follow for 
pattern recognition.  
With the lack of thorough literature focused on the method for interpreting the 
patterns for the different ASTM classes of ignitable liquids, a step-wise guide titled A 
Detailed Approach to Interpreting Ignitable Liquid GC-MS Data: Guide to Classifying 
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Ignitable Liquid Chromatograms based on ASTM Guidelines, by Arielle L. Burdulis, MS 
candidate and Adam B. Hall, Ph.D., has been produced for neat ignitable liquids as an 
introductory item to this research to exemplify the pattern recognition approach that is 
commonly employed as a first step in the identification of an ignitable liquid. This first 
step is recognized as an error-prone method of identification although it is still a common 
method employed in fire debris analysis today. The subjectivity of the pattern recognition 
approach provides the basis for this research utilizing statistical analyses, but the 
prevalence of pattern recognition within fire debris analysis calls for an abbreviated 
version of the guide to be included within this introduction. The guide also serves to 
provide chromatographic examples of neat ignitable liquids to which the samples used for 
this research may be compared with. The sections below include methods for the 
interpretation of distillate and gasoline chromatograms as they are two of the most 
common ignitable liquids identified in fire debris evidence. These ignitable liquids are 
readily available to the public at service stations and are relatively inexpensive. The 
excerpt from the guide starts below: 
1.6.1 Pattern Recognition 
Knowing the physical and chemical properties of petroleum and petroleum 
products is necessary to being able to identify them. Typically, identification is made 
based on the classes of hydrocarbons present in the product, as certain classes impart 
certain qualities for a particular end use. Some petroleum products are highly refined and 
are composed of mainly one class of hydrocarbons. In contrast, petroleum distillates are 
complex mixtures of different classes of hydrocarbons. One step of petroleum distillate 
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identification is determining the ratios of the different hydrocarbon classes within the 
product; having an abundance of n-alkanes. The different hydrocarbon classes found in 
petroleum products are aromatics (with conjugated [alternating double bond] structures), 
cycloalkanes (cyclic structures with no double bonds, also known as cycloparaffins), 
straight chain alkanes (also known as normal or n-alkanes) and branched chain alkanes 
(also known as isoparaffins). Also, distillates may fall within different weight ranges  
such as light, medium, or heavy, and they may either have a very wide spread of peaks 
across the chromatogram, or a relatively narrow spread of peaks. The following products 
(by definition) are petroleum distillates: kerosene, diesel fuel, and any other ignitable 
liquid that has the characteristics of a distillate and that is not characteristic of any other 
formulation of a petroleum product.  
Gasoline is a refined petroleum product that is in a unique class; it is technically a 
mixture of petroleum products but is differentiated from distillates by the ratios of 
hydrocarbon classes present. Gasoline contains an abundance of aromatic hydrocarbons 
and a relatively low concentration of all other hydrocarbon classes, where petroleum 
distillates contain an abundance of n-alkanes and an appreciable concentration of other 
hydrocarbon classes such as aromatics and cycloalkanes. Patterns in the chromatograms 
of gasoline samples are not as easily recognizable as those of petroleum distillates, but to 
the trained analyst, certain groupings of abundant aromatics are readily identifiable and 
able to indicate the presence of gasoline in the sample. One characteristic to look for 
when determining whether or not a sample may be gasoline is the range of hydrocarbons 
that are present; the typical range of gasoline is C4-C12. Since no well-defined 
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chromatographic pattern exists for gasoline chromatograms, in order to confidently 
determine whether or not a sample indicates the presence of gasoline, major peaks (to be 
explained in the gasoline identification section) must be identified by their mass spectral 
data.  
Other Types of Ignitable Liquids 
The other types of ignitable liquids, also derived from crude oil, are not classified 
as petroleum distillates or gasoline because they have been further refined by distillation, 
or selectively enriched in some way. The other formulations of petroleum-based products 
are: 
 Aromatic products- containing almost exclusively aromatic ring structures 
Naphthenic-paraffinic products- containing mainly branched chain alkanes and 
cycloalkanes 
Isoparaffinic products- containing mainly branched chain alkanes 
N-alkane products- containing mainly straight chain alkanes 
Oxygenated products- contain a mixture of components such as n-alkanes as 
well as aromatics but the major compounds present will be oxygenated 
compounds such as alcohols, ketones, or esters.  
Classifying Ignitable Liquids Based on Pattern Recognition: 
For the classification of petroleum distillates (light, medium, and heavy), the 
following characteristics should be observed in the respective chromatographic data: 
High n-alkane content: When looking at the chromatographic data for major 
peaks (high abundance peaks), the chemical structures of the high abundance 
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peaks should be straight chain alkanes. Additionally, looking at the EIP report (to 
be explained below) can aid in determining the abundance of alkanes relative to 
other classes of hydrocarbons present in the sample.  
Equal peak separation with a Gaussian distribution: A bell-shaped 
distribution of equally separated peaks should be observed. 
Light Petroleum Distillate (LPD) Recognition 
 The peaks within the chromatogram of an LPD will be seen in the C4-C9 range 
which may result in the clustering of peaks towards the beginning of the chromatogram, 
based on the method employed. 
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Figure 3- LPD Example 1 
Although this chromatogram does not appear to have equal peak separation or a 
striking Gaussian distribution, it is classified as a light petroleum distillate. When 
interpreting a chromatogram, the following questions should be asked when determining 
whether or not the chromatogram is indicative of the presence of a light petroleum 
n-nonane 
ethylcyclohexane 
n-octane 
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distillate: Are n-alkanes present? In Figure 1 above, yes, one of the peaks has been 
identified as n-octane.  Although only one prominent peak in the above chromatogram is 
labeled as an n-alkane, it is good practice to identify more than one n-alkane in order to 
identify a light petroleum distillate since its most defining characteristic is high alkane 
abundance. The next question should be: Is the range of the peaks between C4 and C9? In 
the example above, hydrocarbons closer to the C8-C9 molecular weight range are 
present. Next, ask: Are there other carbon structures present, such as iso- and 
cycloparaffins, indicating that this is a distillate? In Figure 1 above, yes, one peak has 
been identified as a cycloparaffin. Also, to further prove that the sample contains a LPD 
and not a LPD-MPD mixture, be sure to obtain the mass spectra for the peaks present in 
the higher carbon atom range (around the C9 range) to make sure that that none of the 
peaks are those of naphthalenes.  
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Figure 4- LPD Example 2 
n-nonane 
n-octane 
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By using the same approach that was explained under Figure 3, it becomes 
apparent that this chromatogram is most likely a LPD. In this chromatogram, two n-
alkanes are labeled; n-octane and n-nonane. It is important to note the similarities 
between this chromatogram and the chromatogram in Figure 3 as well as the differences.  
Differences exist between this chromatogram and the chromatogram in Figure 3 because 
not every light petroleum distillate is the same exact composition. One LPD may show a 
slightly different distribution of peaks as well as peaks that appear more or less abundant 
than another LPD. The numerous low abundance peaks that are present at the baseline of 
the chromatogram are peaks that most likely belong to other carbon structures such as 
aromatics, cyclo- and isoparaffins. The presence of low abundance hydrocarbons other 
than n-alkanes as well as n-alkanes in high abundance will indicate that this sample is a 
mixture and thus a petroleum distillate. Furthermore, the range of the carbon atoms is 
what makes the sample specifically a light petroleum distillate. 
Medium Petroleum Distillate (MPD) Recognition 
  A MPD is differentiated from a LPD by the majority of the peaks being present in 
the C8-C13 range. Since the range of a MPD falls within the range of an HPD (C8-
C20+), differentiating the two can be facilitated by observing the spread of the peaks; 
MPDs typically show peaks that are more tightly clustered with a carbon atom range of 
only six carbons (8-13) whereas HPDs typically show a wider spread of peaks with 
carbon atom ranges from C8 to C20 or higher. The example chromatograms below will 
illustrate the differences between a MPD and a HPD.  
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Figure 5- MPD Example 1 
By performing the same type of chromatographic interpretation that was outlined 
with LPDs, one may be able to identify the presence of a MPD within a sample. 
Primarily, in Figure 5 above, the equal peak separation and Gaussian distribution of the 
four labeled peaks are an indication that the sample is a petroleum distillate. Additionally, 
each of the labeled peaks was identified as an n-alkane and the carbon atom range is 
between C8 and C12, allowing for the conclusion that the sample in Figure 5 is likely a 
MPD. It should be noted that a change in the parameters of a GC method could cause a 
change in the retention time of the compounds within the sample. For example, n-octane 
has a retention time of approximately 7 minutes in Figure 5 but approximately 6.4 
minutes in Figures 3 and 4, due to different GC method parameters that were employed 
for the analysis of the LPDs. Different GC methods were employed for the analysis of the 
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1. n-octane 
2. n-decane 
3. n-undecane 
4. n-dodecane 
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ignitable liquids presented in Figures 3-10 and therefore, retention time should not be 
relied upon for the identification of a particular compound. 
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Figure 6- MPD Example 2 
In the same manner that the two LPD chromatograms in Figures 3 and 4 appeared 
different, the Figure 5 and 6 MDP chromatograms are also different in appearance. 
Although there are fewer peaks in this chromatogram that are labeled as n-alkanes when 
compared to the MPD chromatogram in Figure 5, the high abundance of the two n-alkane 
peaks, carbon atom range, equal peak separation, and Gaussian distribution of peaks in 
this chromatogram are indicative of an MPD. 
Heavy Petroleum Distillate Recognition 
  A majority of the peaks in a HPD will be present in the C8-C20+ range, typically 
with, but not always, a wide spread of peaks. An analyst should always check for MPD 
n-decane 
n-undecane 
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characteristics (C8-C13) in a questionable distillate TIC to not misidentify MPDs for an 
HPD. 
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Figure 7- HPD Example 1 
In Figure 7, note that there are only 5 consecutive n-alkanes identified which do 
not show a wide spread across the chromatogram. Also, note that the chromatogram 
contains fewer less abundant peaks around the baseline relative to the other petroleum 
distillate chromatogram examples. This chromatogram is still indicative of a HPD due to 
its conformation to the characteristics of all petroleum distillates: equal peak separation, 
Gaussian distribution, and abundance of n-alkanes. With regards to the appearance 
around the baseline, note how the area underneath the peaks appears unresolved. This 
unresolved baseline indicates that there are many different compounds eluting from the 
instrument and that the instrument was not able to achieve a baseline separation of them 
all. 
1 
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4 
5 
1. n-decane 
2. n-undecane 
3. n-dodecane 
4. n-tridecane 
5. n-tetradecane 
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Figure 8- HPD Example 2 
The chromatogram in Figure 8 is a more “classic” chromatogram of a HPD than 
the chromatogram in Figure 7. Upon visual examination alone, the wide spread of peaks 
ranging from about C8 to over C20 is an indication that this sample could be a HPD. This 
visual examination alone is not enough to identify the sample as a HPD and therefore, the 
next step in classifying this sample would be to determine the chemical composition of 
the compounds responsible for the major peaks. As labeled and shown in the 
chromatogram, five prominent peaks were selected and determined to be n-alkanes, 
indicating that this sample is most likely a HPD.  
After finding five consecutive n-alkanes, you have an indication that the sample 
contains an HPD, but it is always best to determine the chemical composition of the other 
major peaks in the chromatogram to ensure that they all conform to the characteristics of 
a petroleum distillate as it is possible that some of the peaks present may not be n-
1 
2 
3 
4 
5 
1.n-tetradecane 
2.n-pentadecane 
3.n-hexadecane 
4.n-heptadecane  
followed by pristane 
5.n-octadecane  
followed by phytane 
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alkanes, and may be peaks that indicate the presence of a fuel additive (such as a fuel 
stabilizer, etc.) which could be of evidentiary value.  
Kerosene and Diesel recognition: Two Heavy Petroleum Distillates 
Although kerosene and diesel are two types of HPDs, #1 and #2 fuel oil, 
respectively, and the identification of an ignitable liquid beyond a class-level is not 
mandatory, the identification and differentiation of the two may be of probative value. 
Also, the differentiation of the two HPDs is rather straightforward and simplistic to the 
trained analyst. In a kerosene chromatogram, a majority of peaks will elute in the C9-C16 
range and give the general appearance of a petroleum distillate, with a generally a narrow 
cut relative to diesel fuel. This characteristic of kerosene may appear similar to a MPD, 
but it should be noted that kerosene will have a carbon range that extends beyond the C12 
limit of the MPD class. The sample in Figure 7 is kerosene. When determining whether 
or not a sample is indicative of diesel, the analyst should look to identify the typical HPD 
chromatogram characteristics, as well as a C8-C20+ hydrocarbon range. Additionally, a 
necessary component of a diesel chromatogram is the presence of pristane and phytane. 
These two compounds are isoprenoid hydrocarbons that will always elute immediately 
after the C17 and C18 n-alkanes, respectively. The sample in Figure 8 is diesel. 
Gasoline Recognition 
The major peaks in a fresh gasoline sample consist of the following aromatic 
compounds: toluene (a C1 alkylbenzene), ethylbenzene, ortho, meta, and para-xylenes 
(C2 alkylbenzenes), 1,2,4- and 1,3,5-trimethyl benzene, n-propylbenzene, and 3- and 4- 
ethyltoluene (C3 alkylbenzenes), 1,2,4,5- and 1,3,4,5- tetramethylbenzenes (C4 
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alkylbenzenes), and naphthalenes. These aromatics are known to be present in groupings 
within the TIC based on their degree of alkylation. The first grouping in a chromatogram 
will elute after the first prominent peak in gasoline, which is usually toluene, and includes 
three peaks which starts with ethylbenzene, followed by m- and p-xylene (co-eluting), 
and lastly o-xylene.  The next grouping is that of four peaks which starts with n-
propylbenzene, followed by 3- and 4-ethyltoluene (typically co-eluting or producing a 
split-top peak), 1,3,5-trimethylbenzene, and 2-ethyltoluene. Another identifiable feature 
of a gasoline chromatogram is a prominent peak representing 1, 2, 4-trimethylbenezene 
that elutes directly after the four peak grouping. The last three groupings are not as 
prominent within a TIC of gasoline and may require an extracted ion profile (EIP) report 
to identify their presence. The groupings consist of two doublet peaks of C4-
alkylbenzenes, two proximal methylnaphthalene peaks with 2-methylnapthalene eluting 
prior to 1-methylnapthalene and typically in a higher abundance, and a grouping of five 
resolved dimethyl- and ethylnaphthalenes peaks which are known to contain some co-
eluting compounds 6. Examples 1, 2 and 3 below exemplify the general appearance of a 
gasoline chromatograms and what groupings are typically identifiable within the TIC. 
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Figure 9- Gasoline Example 1 
Note the spread of peaks from approximately C6-C12 (although the spread does 
reach above C12, there are no major peaks present above C12 so this feature should not 
be cause for concern). Also, all of the labeled peaks represent aromatic compounds. It 
should be noted that the numerous low-abundance peaks around the baseline of the 
chromatogram are most likely due to the presence of n-alkanes, isoparaffins, and 
cycloalkanes since gasoline is a mixture. One thing that differentiates an LPD from 
gasoline is the presence of naphthalenes. Naphthalenes will be present in gasoline, and 
can be found in a gasoline chromatogram at points around the C10-C12/13 hydrocarbon 
markers. Obtaining the mass spectra for the peaks in this higher range should be done to 
ensure the presence of naphthalenes and thus be more confident in identifying the 
chromatogram as indicative of gasoline. 
1 
2 
3 
4 
5 
1. Toluene 
2. C2-alkyklbenzenes 
3. C3-alkylbenzenes 
4.1, 2, 4-   
trimethylbenzene 
5. methylnaphthalenes 
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Figure 10- Gasoline Example 2 
Note the overall similarities and differences in the appearance of Figure 10 as 
compared to Figure 9; Some of the major peaks in Figure 10 are not as abundant as the 
peaks in Figure 9, for example the 1, 2, 4-trimethylbenzene peak, but this should not 
deter an analyst from identifying this chromatogram as indicating a gasoline sample. 
Each prominent aromatic hydrocarbon group that was labeled in Figure 9 is readily 
distinguishable in this chromatogram, strongly indicating that the sample contains 
gasoline. 
For neat ignitable liquids with minimal background interference, the pattern of 
peaks seen within the TIC in combination with verification from the mass spectra of 
prominent peaks that are present can provide a means of identification of the class of 
petroleum product that is present. Additional information about the chromatogram can be 
gained if needed, through the use of EIPs. (End of guide excerpt) 
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1.6.2 The Extracted Ion Profile Report 
The general classes of hydrocarbons that are present in crude oil and remain after 
the refining process are paraffins, naphthenics, and aromatics. These classes include 
lighter hydrocarbon compounds whereas asphaltenes and resins are made up of heavier 
compounds that are removed during refining9. Paraffins encompass both normal (straight-
chain) and iso-(branched-chain) alkanes, while naphthenics encompass alkenes as well as 
cycloalkanes. Aromatics include mono- and polynuclear aromatic compounds. Within 
each class are a wide range of individual compounds of varying molecular weights and 
varying degrees of alkylation, with the presence or absence of each compound being 
dependent on the refining technique. All petroleum products contain compounds that fall 
within at least one of these three hydrocarbon classes.  
When analyzing ignitable liquids using mass spectrometry, each class of 
hydrocarbons, due to their different structures, will fragment to produce predictable ions 
of specific mass-to-charge (m/z) ratios that are used to correlate that compound to the 
class ascribed by its structure. The actual fragmentation mechanism that hydrocarbons 
undergo is beyond the scope of this research, but the mechanism is known to be 
predictable in that hydrocarbons typically show a serial loss of 14 m/z (from the loss of 
CH2 species) and thus is relied upon in fire debris analysis to aid in the identification of 
certain hydrocarbon classes of compounds 14. The table below shows four different 
classes of hydrocarbons that fall within the three major classes mentioned above, as well 
as fragment ions that indicate the presence of a compound that falls within that class. The 
four classes presented below were chosen as they represent a majority of the general 
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types of hydrocarbons present within an ignitable liquid although other, less abundant 
classes, having known indicating fragment ions may be present as well. One example of 
an additional, less abundance class of hydrocarbon compounds is the indane class which 
may be extracted from an ignitable liquid chromatogram by the use of m/z ions 117, 118, 
131, or 132 6 either independently or in combination.  
Table 2- Hydrocarbon Class-Indicating Ions 
Class of Hydrocarbon Indicating Fragment Ions (m/z) 
Alkanes (paraffin) 43, 57, 71, 85, 99 
Aromatics (mono-nuclear) 91, 105, 119 
Alkenes/Cycloalkanes (naphthenic) 55, 69, 83 
Naphthalenes (poly-nuclear aromatics) 128, 142, 156 
 
The EIP report presents the analyst with a chromatogram containing selected 
peaks from the TIC that contain one or more of the class-indicating fragment ions. One 
chromatogram is presented per ion extracted, and each of the extracted ion 
chromatograms may be merged together to give an overall extracted ion chromatogram. 
For example, if you have a known petroleum distillate chromatogram and extract ions 
that indicate each of the classes of compounds listed in Table 2 above, the output is a 
separate chromatogram for each ion extracted. Since distillates are known to contain an 
abundance of n-alkanes, the analyst would be looking to see that the chromatogram 
containing the alkane-indicating fragment ions has the highest abundance while the 
abundances of the peaks in the other chromatograms will still be appreciable, they will be 
lower than that of the alkanes. For a refined product such as an n-alkane, one may 
observe peaks in the chromatograms of other hydrocarbon-indicating extracted ion 
chromatograms, but the abundance of the n-alkane peaks will be considerably higher than 
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the abundance of the peaks in the aromatic, cycloalkanes, alkene, and naphthalene 
extracted chromatograms. Due to the fact that classes of hydrocarbons can be “separated” 
from the totality of the chromatogram, the EIP reports can be very useful when trying to 
determine what type of petroleum product may be present in a questioned fire debris 
sample or unknown liquid and may add an additional level of certainty to the conclusion 
being drawn about the sample.  
Although they may be helpful in some instances, the analyst must understand the 
limitations of an EIP report. The peaks seen in each of the extracted ion chromatograms 
cannot be definitively identified as coming from one specific compound or class of 
compounds without consulting data in the mass spectrum due to the fact that an alkane 
may have the same molecular weight as a naphthalene, for example n-nonane and 
naphthalene both have a molecular weight of 128 amu, and therefore may produce the 
same fragment ion. Therefore, one must be cognizant of the fact that some peaks in the 
EIP may not definitively represent that compound or class of compounds and that the 
extracted ion chromatograms should serve as a general representation of the amounts of 
the different hydrocarbon structures present in the sample.  
1.6.3 Mass Spectrum Interpretation 
 In addition to the overall pattern of peaks observed within a chromatogram, the 
fragmentation pattern of the mass spectral data for selected GC peaks present within an 
unknown sample can suggest what the compound most likely is. While a mass spectrum 
can typically be used to confirm the identity of a compound, the hydrocarbon 
fragmentation patterns of very similar structural isomers may not be readily 
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distinguishable without an in-depth review of the spectrum. This may hinder the 
identification of the actual structure of the hydrocarbons that are present, but in fire 
debris analysis, it is the class of hydrocarbon as opposed to the actual structure that is 
used for classification of the ignitable liquid. Therefore, fragmentation patterns that are 
able to indicate the class of hydrocarbons that are present have been elucidated and were 
detailed in Table 2. The fragmentation patterns are identified by the presence of the 
indicating ions as well as the sequential loss of 14 or 15 amu, signifying the loss of CH2 
or CH3, respectively. The m/z range in which the loss of the 14 or 15 amu occurs can be 
used to identify the specific class of hydrocarbon. For example, an alkane compound 
such as octane that has a molecular weight of 114 amu and a molecular ion (M) peak at 
m/z 114 could theoretically show any combination of the following ion fragments: m/z 
99, m/z 85, m/z 71, m/z 57, m/z 43. Aromatic compounds will also show a sequential 
fragmentation due to the loss of 14 or 15 amu, but will produce different m/z ions than 
alkanes due to the differences in their structures. For example, an aromatic compound 
with a molecular weight of 134 amu will typically produce fragments with m/z of 119, 
105, and 91. Cycloalkane-indicating fragments as well as naphthalene-indicating 
fragments are included in the table above and they will follow the same rules as the other 
hydrocarbon classes by exhibiting a serial loss of 14 or 15 amu upon fragmentation.  
1.7 Interferences in the Interpretation of Fire Debris Data 
Challenges that occur with the interpretation of an ignitable liquid may be due to 
numerous factors. Some of the challenges may be due to the evidence collection and 
packaging, while other challenges may arise due to the analytical technique that was 
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chosen for analysis. These types of challenges are not unique to fire debris analysis as 
they may arise in other areas of forensic science such as DNA analysis, where 
degradation of DNA may cause interpretation challenges, or toxicological analysis where 
biological matrix extractions may be problematic. The issues that are almost uniquely 
challenging to ignitable liquid identification are due to the chemical properties of 
ignitable liquids and the substrates that they are typically placed on or found within. The 
phenomena that lead to these challenges include evaporation, diminution, degradation, 
and substrate/pyrolysis interferences. Each of these phenomena has the ability to distort 
the chromatographic pattern of an ignitable liquid. Alterations of the pattern may occur 
due to a change in the chemical composition of the ignitable liquid, or the addition of 
compounds from the substrate. Within the literature, older articles include these four 
phenomena and all types of natural chemical alterations of a petroleum product under the 
term weathering 18. 
 1.7.1 Evaporation 
The evaporation of an ignitable liquid is directly dependent on its volatility and 
whether or not the environmental temperatures and/or length of time the ignitable liquid 
remains in the environment causes its volatilization. Although petroleum products are 
quite persistent within a variety of substrates due to their inert character and non-polar 
properties, their loss can be attributed to increased temperatures during the fire event. The 
loss of volatile compounds may be worsened by increased ambient temperatures 
following the fire event, or by a prolonged period of time exposed to the environment 
prior to collection. Many studies on the evaporation rates of petroleum products have 
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been performed and it has been concluded that evaporation occurs in a predictable 
manner 19 which can facilitate the recognition of evaporation. The effects of evaporation 
are more prominent on lighter hydrocarbon compounds in comparison to heavier 
hydrocarbon compounds, and are known to discriminate between hydrocarbons based on 
their boiling points 19. Therefore, weathering can be identified within a chromatogram by 
a sequential loss of hydrocarbons that significantly affects lighter, more volatile 
components, and has less noticeable effects on heavier, less volatile components.  
The most effective way to determine whether or not a chromatogram is indicative 
of an evaporated sample is to analyze a series of known evaporation samples and observe 
the changes that are present between evaporation series and known, neat samples. 
1.7.2 Diminution 
In comparison to evaporation, diminution is defined as the uniform loss of an 
ignitable liquid across the entirety of the compounds present, rather than discriminately 
towards more volatile compounds. One example of an event that could result in 
diminution would be water suppression efforts. The washing away of an ignitable liquid 
to leave only trace or residual amounts of the liquid would fit the definition of diminution 
6
. The “washing” of a substrate with a fire suppressant and the possible resultant loss 
depend on the molecular properties of solvation, rather than the properties of volatility 
which determine how weathering will affect the sample. The occurrence of loss due to a 
solvent-rinsing phenomenon would affect petroleum- based and oxygenated ignitable 
liquids to differing degrees, with petroleum based ignitable liquids more likely to survive 
the event as they are less soluble in polar solvents such as water. Still, this phenomenon 
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has the ability to affect the resulting chromatogram of any type of ignitable liquid 
evidence and must be considered if very low or trace amounts of ignitable liquids are 
thought to be present in the chromatogram.  Diminution may also occur if irreversible 
adsorption has occurred between the IL and the substrate to which the IL is adsorbed. The 
substrate may be the material that the IL was initially placed onto before the fire was 
started or it may the packaging that was used to collect the evidence. Additionally, some 
studies on certain fire suppressant foams have shown their ability to irreversibly retain 
ILs which could lead to either a completely negative sample upon analysis, or a sample 
that is very low in abundance due to partial diminution 6. 
1.7.3 Substrate and Pyrolysis Interferences 
A well known article in the field of fire debris analysis, The Petroleum Laced 
Background, by Lentini et al., highlights the incidences of petroleum products contained 
within common household, commercial, and construction materials, and stresses the 
importance of obtaining substrate controls for analysis20. By obtaining a substrate control, 
the presence of a petroleum product within a sample may be attributable to the substrate 
and its manufacturing processes and the reporting of the analytical findings to the 
investigators must take this incidence into consideration20. Other researchers have studied 
the incidences of pyrolyzate-formation from substrate burning. These studies address the 
risks of using chromatography patterns for ignitable liquid identification due to the fact 
that pyrolysis products formed from the burning of materials such as plastic polymers 
consist of low-molecular weight hydrocarbons such as benzenes, toluene, styrenes, and 
alkenes. Although it is postulated that the pattern of pyrolysis products from a burned 
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substrate will not produce a pattern that could be mistaken for an ignitable liquid, it is 
cautioned that the interference from pyrolysis products may inhibit or severely hinder 
identification 21. It is imperative for a fire debris analyst to have some knowledge 
regarding the use of petroleum products in the manufacturing of consumer goods and 
building materials (carpeting, roofing shingles, wood, etc.) so that they may know what 
to anticipate upon analysis of such items. Much research in the field of fire debris 
analysis has focused on the ability to identify the presence of an ignitable liquid within a 
chromatogram containing substrate and/or pyrolysis interferences 22 23.  
1.7.4 Biodegradation 
Biodegradation of petroleum and petroleum products is the process by which the 
indigenous microbes in the soil and environment utilize petroleum hydrocarbons as a 
source of energy and thus consume and metabolize them 18. The biodegradation of 
petroleum products in the environment has been thoroughly researched by both 
environmental geochemists as well as microbiologists 8 12 24. The main reasons for this 
type of research are to assess the environmental levels of petroleum that are present 
naturally and/or due to accidental causes such as a spill, and to elucidate the ways in 
which bacteria may be harnessed to “clean” the environment of the petroleum. The 
outcome of the research efforts on hydrocarbon biodegradation is that it is a complex 
phenomenon that is carried out in vastly different ways, depending on a multitude of 
factors. Subsequently, research performed in the field of forensic science regarding the 
detection of hydrocarbon-containing ignitable liquids in soil samples has determined that 
biodegradation can lead to the removal of all features of an ignitable liquid-indicating 
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chromatographic pattern 24 25. Although much research has been performed to identify the 
actions of microbes on hydrocarbons in order to better understand and predict the effects 
of biodegradation, much still remains to be discovered. Additional research on the effects 
of biodegradation in both the environmental and forensic sciences community may result 
in methods which can allow inferences to be drawn about the original composition of a 
hydrocarbon-containing product such as an ignitable liquid. In order to be able to draw 
such inferences, an in-depth knowledge about the currently elucidated methods of 
microbial action during biodegradation is necessary.  
1.7.4.1 Hydrocarbon Structure Effects 
One aspect of biodegradation that has been confidently identified is that different 
classes of hydrocarbons experience a wide variation in their rate of degradation 
depending on their physical structure, and the microbial community that is present 8 18. In 
general, most studies have found that the rate of degradation decreases as it becomes 
more difficult for the microbial enzymes to attach to the structure; given the relatively 
simplistic structure of n-alkanes, they are degraded most rapidly whereas high molecular 
weight aromatics with a more complex structure are degraded at a much slower rate. 
Isoparaffinics, naphthenics, and low molecular weight aromatics are typically degraded 
more slowly than n-alkanes and more quickly than heavy, condensed aromatics, but the 
actual relative rates are dependent on the amount and locations of alkylation; increased 
alkylation and or methylation will hinder microbial enzymes from attaching to and 
degrading the compounds at a fast rate 26 27 28 29. For example, n-alkane chains allow 
many more places for an enzyme to attach to as opposed to highly branched alkanes such 
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as pristane and phytane. This phenomenon is observed when a petroleum product such as 
diesel fuel is subjected to microbial degradation; the spiking n-alkane peaks in a gas 
chromatogram are drastically reduced while a prominent pristane and more prominent 
phytane peak will remain for a longer period of time 30. This repeated observation of 
pristane and phytane as recalcitrant compounds has led to their use as 
biomarkers/standards to which the abundance of other compounds are compared to in 
order to determine the level of degradation a sample has experienced 31 32. Mononuclear 
aromatic compounds have been observed to degrade more rapidly than polynuclear 
aromatics due to complex arrangement of their multi-ring structures 18. The trends seen in 
degradation-resistant compounds are also due to the hydrophobicity of oils. Higher 
molecular weight hydrocarbons, in particular condensed aromatic ring structures such as 
benzo[a]pyrene, are highly hydrophobic and therefore, less amenable to microbial 
utilization as a lack of water results in a lack of oxygen and thus, the inability of aerobic 
metabolism to occur 33 34. It has been determined that an increased water to oil surface 
area contact increases the metabolism of the petroleum oils 18. Some studies have been 
performed that utilize a consortia of bacteria which have undergone enrichment 
techniques where a preferential degradation of aromatic compounds such as benzene, 
toluene, ethylbenzene, and xylene is observed 35 36, contrary to the reported n-alkane 
preference. These studies further support the theory that the microbial consortia present 
have a large and variable effect on the method of degradation.  
The composition of the crude oil also has an effect on the metabolic rates and 
trends that are observed. Studies have observed the phenomena referred to as “sparing” 
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where the presence of certain types of hydrocarbons results in the “sparing”, or decreased 
degradation, of other types of hydrocarbons. LePetit et al. made the observation that 
certain metabolic products hinder a consortia’s ability to degrade hexadecane 37. Other 
researchers have observed the suppression of alkane degradation due to the presence of 
citrate as well as the inhibited degradation of PAHs caused by the accumulation of toxic 
metabolites 38. Some researchers have postulated that one species of microbe is able to 
degrade the parent hydrocarbon compounds into metabolic products which are in fact 
toxic to that specie but that may be degraded by other species that are present 18 33 36 39.  
Bacosa et al. (2012) observed that certain light aromatic hydrocarbons produced 
metabolites that were toxic in nature to the bacteria Achromobacter spp. and Alcaligenes 
spp., but that Achromobacter spp. became activated in the presence of alcohols, 
aldehydes, and organic acids which were produced from the parent hydrocarbon 
metabolism 36.  Only certain species of bacteria have been observed to be capable of 
degrading high molecular weight PAHs such as benzo[a]pyrene, a compound originally 
thought to be completely resistant to degradation 34. It is theorized that alterations of 
microbial degradation are not due to changes in the metabolic pathways, but rather the 
composition of the oil and subsequently, the composition of its metabolic products, will 
dictate whether or not certain species of bacteria are activated and functioning 18.  
1.7.4.2 Microbial Community Effects 
A major factor that affects the rate and extent of biodegradation in addition to the 
composition of the oil is the composition of the microbial community. While bacteria, 
yeasts, fungi, and algae are all organisms capable of degrading hydrocarbons, bacteria 
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and fungi have been the most extensively studied. Researchers have identified over 90 
genera of bacteria and over 100 genera of fungi that are able to use hydrocarbons as their 
sole source of energy. Some of these organisms are known to prefer certain classes of 
hydrocarbons while others are able to consume all hydrocarbon compounds that are 
present 8 33. Typically, microbial communities are studied in-vitro and certain strains are 
selected for research. Many different strains and many different combinations of strains 
have been studied with a focus on identifying which strains are optimal for environmental 
cleanup. One study showed that certain strains of Bacillus appeared to degrade only 
monoaromatic hydrocarbons while strains of Pseudomonas and Micrococcus degraded a 
variety of hydrocarbon compounds 33. Zhao et al. identified that Pseudomonas, Brucella, 
and Rhodococcus microbes were important species for crude oil bioremediation efforts 40. 
When communities including both bacteria and fungi are researched, the general 
consensus is that a combination of the two microbes is necessary for maximum 
degradation as bacteria seem to be more heavily involved in the primary stages of 
degradation, and the fungi are capable of removing recalcitrant metabolites that are 
produced by the bacterial degradation 29. When studied independently, fungi have been 
identified as a more effective degrader than bacteria 41.  
1.7.4.3 Environmental Condition Effects 
The environmental conditions surrounding the degradation may either increase or 
decrease the rate of hydrocarbon degradation. Temperature, season, soil type and pH, and 
water and air availability have all been studied and determined to have appreciable 
affects on the rates of hydrocarbon degradation.  Cold temperatures, even those reaching 
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-20 degrees Celsius have been shown to support microbial activity 42. The types of 
microbes that exist in environments with such low temperatures are referred to as cold-
adapted microorganisms and therefore, their sustained activity at sub-zero temperatures 
cannot be expected of microbes that thrive in warmer climates 43. Temperature is a multi-
dimensional factor in the rate of microbial action due to the fact that microbes require a 
source of water to function. As temperatures reach levels at which water freezes and 
becomes unavailable, microbial degradation becomes restricted 44.  It has been observed 
that microbes can also adapt to changes in season. A study of hydrocarbon degraders that 
were able to sustain activity at low temperatures observed that the microbial population 
size increased during the winter months and decreased in the summer months 18. The type 
of soil and the pH of the soil affect the rate of degradation as well. Very fine soils such as 
clays that don’t allow sufficient space for water or oxygen flow can create conditions 
where metabolism is significantly slowed due to aerobic metabolism halting and only 
anaerobic metabolism (described in the next section) being able to take place.  An acidic 
pH of the soil will also create an environment where slow, anaerobic metabolism is 
largely favored 33. 
1.7.4.4 Aerobic and Anaerobic Metabolism of Hydrocarbons 
Aerobic metabolism is the most common pathway of biodegradation where 
microbial enzymes known as oxygenases (mono and dioxygenases) oxidize hydrocarbons 
to produce alcohols and carboxylic acids as intermediates. These intermediates may be 
degraded by the same microbes which initiated their degradation, or by additional species 
of microbes that may preferentially degrade the intermediate compounds 33.  Ultimately, 
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the end products of hydrocarbon degradation are CO2 and H2O 45. Although many 
intermediates of hydrocarbon degradation have been identified and the preferential 
degradation of certain hydrocarbons by certain species of bacteria has been observed, 
little is known about the assumed plethora of actual metabolic pathways that exist, as 
indicated by the numerous types of metabolites that have been identified in 
biodegradation research 39. Anaerobic metabolism (in the absence of oxygen) was first 
thought to be inapplicable to hydrocarbon metabolism 18 but it was later discovered that 
sulfate, nitrate and chlorate-reducing bacteria were able to degrade hydrocarbons through 
coupling of hydrocarbon oxidation to a reduction of nitrates, sulfates, and or chlorates 
and may also occur under methanogenic conditions 46. Although possible, anaerobic 
metabolism of hydrocarbons occurs less frequently than aerobic metabolism, which is the 
more energetically favorable process 8 46 47. Some researchers have theorized that the 
slowed rate of degradation they observed at terminal points of their study was due to the 
utilization of all the free oxygen available to the enzymes 18.  
1.8 Identification of Crude Oil and Petroleum Products in Environmental 
Samples through Petroleum Fingerprinting 
The term “fingerprinting” has been used in the petroleum industry to describe the 
chemical individualization of crude petroleum, or a petroleum product, from a specific 
source. This is mainly done for the purpose of determining the party responsible for the 
spill and for legal or cleanup purposes 48 8. When an oil spill occurs, the spilled oil may 
be sampled and fingerprinted so that for years after the spill, its environmental impact can 
be monitored 30. Alternatively, if the environment is found to be contaminated with 
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petroleum hydrocarbons, a sample may be fingerprinted and compared to possible source 
fingerprints to determine whether or not a “match” exists 48. Employing instrumental 
analysis to determine the composition of the spilled oil with subsequent statistical 
treatment of the data has enabled researchers to effectively link oil samples to their 
natural source reservoir 49.  
The natural variation in the environment surrounding underground reservoirs of 
crude petroleum allows each reservoir to have a unique composition, making petroleum 
amenable to fingerprinting as well as biomarker fingerprinting 8. These variations in the 
surrounding environment are referred to in the fingerprinting process as geological 
primary controls, and are known to be caused by the source of the rock and organic 
matter, migration effects, and in-reservoir alterations. These variations are what allow 
crude oils, solid bitumens, and oil sand or shales to be fingerprinted. Upon refining, a 
secondary variation factor is produced due to the fractionation, conversion, finishing, and 
blending that may occur.  The refining process is referred to as the “daughter” production 
process where the crude oil is the “parent”. The “daughter” product becomes unique due 
to contributions from the parent which is affected by the geological controls, and from 
variations in the refining processes used by different petroleum refineries. Lastly, if the 
sample is collected from the environment, tertiary variation factors have been identified 
that include evaporation, water-washing (diminution), biodegradation, and background 
“mixing”, all of which are explained in the previous sections. The tertiary controls are 
considered in combination with either the primary controls or the primary and secondary 
controls (the latter only if the sample is thought to contain a refined product) 8 50. Any 
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combination of the control factors creates both the basis for and challenges of chemical 
fingerprinting of petroleum products, both crude and refined. 
Many different statistical treatments involving chemometrics have been employed 
by researchers for crude oil source identification and fingerprinting. Chemometrics is the 
application of statistical methods in order to better understand underlying relationships of 
a system. This facilitates the analysis of large and complex data sets such as those 
produced from the instrumental analysis of crude petroleum by allowing the researcher to 
obtain statistically meaningful portions of the data 51. One type of multivariate statistical 
analysis that is a powerful chemometric treatment that has been successful in petroleum 
fingerprinting is principal component analysis (PCA) 50.  Principle component analysis 
allows the components in a sample that explain the most variance in a data set to be 
distinguished. By identifying these components, the natural variations of the hydrocarbon 
content in crude oils can be used to distinguish and identify a source by its principle 
components 52. Different research studies have shown the ability of hopanes to 
distinguish different sources of crude oil when PCA is applied 53.  
1.8.1 Biomarker Fingerprinting 
One specific type of fingerprinting that is utilized to correlate spilled oil with a 
source is biomarker fingerprinting. Biomarker fingerprinting focuses on a smaller subset 
of complex compounds that are known to be ubiquitous in all oils, but vary in their 
concentrations based on the source of the oil 54 8. Biomarkers, like all hydrocarbons, are 
the remains of once living organisms which allows their presence in crude petroleum to 
reflect that specific reservoirs’ natural surrounding environment. Biomarkers can be 
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alicyclic or cyclic, with three of the major categories of biomarkers being cyclic terpanes, 
hopanes, and steranes. Terpanes include compounds that are C15-C30, with hopanes 
containing C27-C35, and steranes containing C21-C30 54. The high molecular weights 
and complex structures of these and most other biomarkers makes them very stable in the 
environment, and less susceptible to the weathering effects that a majority of 
hydrocarbons undergo. Two examples of alicyclic biomarkers are the isoprenoid 
compounds pristane and phytane which have been used to differentiate biodegradation 
hydrocarbon loss from evaporation hydrocarbon loss due to the fact that pristane and 
phytane both have a similar volatility, but biodegradation shows a more pronounced 
effect on the loss of pristane. A ratio of pristane abundance to phytane abundance closer 
to 1 indicates that evaporation is causing the loss whereas a larger ratio indicates that 
biodegradation is more likely the cause of hydrocarbon loss 30.  
 Biomarkers are typically fingerprinted by pattern recognition as well as ratio 
correlation 30. Additionally, chemometric methods such as PCA have been applied to 
biomarker ratios to identify which ratios are best able to distinguish the sample 55. For 
pattern recognition, each category of biomarker is identified by a certain m/z which is 
extracted from the parent chromatogram in the same manner as previously explained in 
the EIP section. The resulting chromatogram will be comprised of peaks that contain the 
biomarker-indicating m/z ion, and it is that pattern of peaks that is interpreted in 
biomarker fingerprinting. Additionally, the ratios of certain hydrocarbons and biomarkers 
within biomarker indicating-chromatograms can be interpreted in order to identify 
biodegraded petroleum 30. A specific set of peaks that is commonly utilized for 
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determining the extent of biodegradation is the C27-C28-C29 homologous sterane 
series54 due to their resistance to weathering effects. The concentration of other 
hydrocarbons present within the sample as compared to the concentration of the sterane 
biomarkers is determined and the resulting ratio is compared to known degradation 
indices in order to estimate the extent of biodegradation the sample has experienced.     
1.8.2 Fingerprinting and Identification of Refined Petroleum Products 
The use of chemical fingerprinting methods, particularly biomarker 
fingerprinting, on refined petroleum products has not been utilized to the extent that it has 
been on crude oil, and to an even lesser extent on refined products which have been 
weathered. Most, but not all, of the biomarker compounds present in crude oils will have 
been removed by the refining process. Researchers have identified that some biomarkers 
such as pristane, phytane, and some diamondoid hydrocarbons are retained in petroleum 
products after refining 30 54 56. Therefore, the correlation of a refined product to its 
geological source has proven difficult, but it has been successfully done by some 
researchers 49. Additionally, the use of relative ratios of specific hydrocarbon compounds 
within ignitable liquids has also allowed researchers in the field of forensic science some 
success in correlating both neat as well as evaporated gasoline samples back to their 
major supply, such as the service station where a gasoline sample was taken from 57 58.  
The fingerprinting and component analysis of biodegraded, refined petroleum 
products in order to correlate them back to their neat, non-biodegraded sources has seen 
the least amount of research, yet would be of most use for forensic arson investigations. 
Identifying the presence of an ignitable liquid residue within fire debris evidence is a 
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challenge that the analyst must face due to the fact that degradation removes a majority of 
the compounds that give an ignitable liquid its identity. Also, the chromatographic pattern 
of a degraded ignitable liquid is altered from that of its neat form, further complicating 
identification and possibly leading to a misidentification 24. Although soil samples in 
arson cases are deemed desirable in their ability to absorb an ignitable liquid, the benefit 
of the sample type may be outweighed by the challenges caused by microbial alteration 
of the ignitable liquid’s chemical composition, possibly resulting in the low number of 
soil samples submitted in arson investigations 6.   
Most of the research that has been done on degraded ignitable liquids in the field 
of fire debris analysis has followed a methodology similar to that outlined by ASTM 
Standard E-1618 which involves interpreting total ion chromatograms, extracted ion 
chromatograms, and performing quantification of peak areas of selected compounds 25 19 
59
. The ultimate goal of this thesis research is to characterize degraded ignitable liquids 
using a unique approach involving quantitative measures with statistical analysis in order 
to provide the field of fire debris analysis with empirical research in the areas where it is 
lacking. As the biodegradation of specific compounds within ignitable liquids has already 
been characterized 25 24 59, this study will use a statistical approach to identify and assess 
the trends of abundance loss for six different hydrocarbon classes within two different 
ignitable liquids (gasoline and diesel) that were exposed to soil. The outcome of this 
research may provide insight into which classes of compounds in refined petroleum 
products may be of interest for future research in the field of fire debris analysis and 
biodegraded ignitable liquid identification.  If certain hydrocarbon classes are able to 
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exhibit characteristics of stability, reliability, and/or predictability throughout 
biodegradation, then an analyst may be able to use those classes to draw certain 
inferences regarding the original, non-degraded composition of the residual hydrocarbons 
that remain.  
2. Methods 
2.1 Data Set 
 The data set utilized for this research consisted of GC-MS data that has been 
previous obtained by a student researcher for the completion of their thesis 25.  Details of 
the methodology employed in that research may be obtained from the Tverdovsky thesis, 
as only information pertinent to the utilization of the data set for this research will be 
addressed. The purpose of the research by Tverdovsky was to characterize the effects of 
microbial degradation on specific compounds within different classes of ignitable liquids, 
including gasoline and diesel fuel, the two ignitable liquids to be assessed in this 
research. Three different degradation studies were employed in the Tverdovsky thesis 
where approximately 10 µL of the ignitable liquid was spiked into a soil sample and 
sealed in a metal canister to allow degradation to occur. Table 3 provides a summary of 
the parameters of each degradation study. Separate samples were prepared for each 
sampling day and were prepared in triplicate with the exception of the day 0 samples 
from the general degradation study.  
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Table 3- Parameters of Biodegradation Research Studies from which the raw data 
for this research was obtained 
 
Study Name Soil Type Degradation 
Period 
Sampling Days 
General Degradation Loam (Burlington, MA) 26 days 
Day 0, 8, 16, and 
26 
Specific 
Soil-type 
Studies 
Silty-Clay Silty-clay (Wellfleet, MA) 7 days Day 0, 3, and 7 
Sandy-Loam Sandy-loam (Medford, MA) 7 days Day 0, 3, and 7 
 
The ignitable liquid residue was extracted from each soil sample in each study 
following the ASTM Standard E-1412 method for heated-headspace concentration. The 
E-1412 standard was slightly altered and employed an extraction temperature of 90 ° C 
for two hours as opposed to the recommendation of 60 – 90 ° C for 12-16 hours. 
Subsequently, the extracted samples were analyzed by an Agilent 7890A gas 
chromatograph, coupled to an Agilent 5975C inert XL EI/CI mass selective detector 
using two different methods developed by the researcher for the optimized analysis of the 
two different ignitable liquids (gasoline and diesel) that encompassed two different 
boiling-point ranges. Neat standards consisting of a 1:100 dilution of ignitable liquid in 
pentane were prepared and analyzed on each day samples were analyzed to account for 
changes in instrument sensitivity.  
2.2 Type of Data Utilized 
The type of data utilized in this research was that of GC abundance; the 
abundance values of all ions produced by a sample as well as the abundance values for 
selected ions (detailed in Table 4) were obtained. Particular ions were selected to indicate 
the presence of the following hydrocarbon classes: alkanes, aromatics, cycloalkanes, 
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naphthalenes, indanes, and adamantanes. The first four classes were chosen as they are 
commonly used to aid in ignitable liquid identification. Indanes were selected because 
they are structurally similar to polynuclear aromatic hydrocarbons (PAHs), a relatively 
degradation-resistant class of hydrocarbons 30 mainly due to their multi-ring structures. 
Indanes are similar to the PAH naphthalene as they are also two-ring structures, but differ 
from naphthalene since only one of their rings is an aromatic (benzene-type) ring while 
its fused second member consists of a five carbon ring which may be saturated or 
unsaturated; the unsaturated form is referred to as an indene. Indanes, indenes, and their 
alkylated forms such as methyl- and dimethylindanes are naturally present in crude 
petroleum and have also been detected in refined products 6. The biodegradation of the 
indane class of hydrocarbons within refined petroleum products has not been 
characterized as well as the other hydrocarbon classes that were chosen for this research. 
The complex structure of indanes, in comparison to the structures of other classes 
selected for this research such as the n-alkanes and cycloalkanes, is the basis for the 
theory that the indane class of hydrocarbons may experience lower levels of 
biodegradation than the more simple classes as structure complexity has been linked to 
biodegradation resistance 18 26 27 32. 
 Adamantanes are the most unique and novel choice of hydrocarbon to assess for 
this research as no known research of their concentrations within light, refined petroleum 
products exists in the published fire debris analysis literature, even though they are 
known to be present within such products54 8. Although adamantanes are not specifically 
a class of hydrocarbon, C10 adamantane and its alkyl homologs represent the lightest 
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compounds within the class of hydrocarbons known as diamondoids. The unique three-
dimensional fused-ring, cage-like structure of adamantanes provides them with a rigid 
and stable configuration that has been observed to be highly resistant to biodegradation 54 
56
 
60
. A study on the identification and quantification of adamantanes in crude oils 
concluded that resolution of adamantanes with conventional gas chromatography is 
typically not possible and that co-elution may occur with C11 isoparaffins 60. This was 
not a deterrent for the inclusion of adamantanes in this study due to the fact that their 
presence can be accounted for by the adamantane-indicating ions when poor resolution is 
observed. For example, naphthenic-paraffinic products are highly unresolved, which is a 
characteristic of their identification, but the presence of the individual hydrocarbon 
classes is determined through EIP reports that utilize cycloalkane- and isoalkane-
indicating ions. The fact that adamantanes have been identified as being present in light 
petroleum products, albeit in low concentrations, and that they are highly stable, was the 
deciding factor for their inclusion in this study 60. The next regular homolog of the 
diamondoid hydrocarbon class after the adamantanes are the diamantanes which are C14 
cage-like ring structures and are likely present in lower concentrations than adamantanes 
within light, refined products such as gasoline and thus were not selected for assessment 
in this research. 
The ions that were selected as indicators of the six hydrocarbon classes (including 
adamantanes) of compounds were chosen from literature values that used well-
characterized mass spectral data obtained from various compounds within each class. The 
ions chosen have been observed to be either the base peak, or commonly present ions in 
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the fragmentation patterns for their respective class, allowing them to be used as 
indicators of the presence of that class of hydrocarbons within the sample. Although the 
ions are not absolutely unique to these classes of hydrocarbons and may be formed during 
the fragmentation of compounds from other hydrocarbon classes, their relatively low 
abundances produced from the fragmentation of other hydrocarbon classes will not 
produce large abundance increases; their high abundance upon fragmentation of other 
classes of hydrocarbons would decrease their use for indicating the presence of a specific 
class. Table 4 provides examples of compounds within each hydrocarbon class as well as 
information relevant to the use of specific ions as indicators of their presence. It should 
be noted that throughout this research, all instances where a hydrocarbon class is referred 
to in the results, “[hydrocarbon class]-indicating” is implied. 
Table 4- Structural and Spectral Hydrocarbon Class Information 
Hydrocarbon 
classes Structures Molecular Weights 
Common Base Peak and 
Abundant Peaks in Mass 
Spectra* 
Alkanes Octane 
 
2,2,6-trimethyloctane 
 
Octane: 114 amu 
2,2,6-trimethyloctane: 
156 amu 
 
 
Octane: 43 m/z 
2,2,6-trimethyloctane: 
57 m/z 
Pristane and phytane: 
57/ 71/ 85 m/z 
Class-indicating Ions 
Selected:  
57, 71, and 85 m/z 
Aromatics Toluene 
 
o-xylene (C2-
alkylbenzene) 
 
Toluene: 92 amu 
C2/C3/C4- 
alkylbenzenes: 
106/120/134 amu 
Toluene: 91 m/z 
C2/C3/C4- 
alkylbenzenes: 
91/105/119 m/z 
Class-indicating Ions 
Selected:  
91, 105, and 119 m/z 
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Cycloalkanes Methylcyclohexane 
 
Cyclooctane 
 
Methylcyclohexanes: 
98 amu 
Cyclooctane: 112 amu 
 
Methylcyclohexanes: 
55/83 m/z 
Cyclooctane: 
55/56 or 69/70 m/z 
Class-indicating Ions 
Selected:  
55, 69, and 83 m/z 
Naphthalenes Naphthalene 
 
 
Dimethylnaphthalene 
 
 
Naphthalene:  
128 amu 
Methylnaphthalenes: 
142 amu 
Dimethyl- & 
ethylnaphthalenes:  
156 amu 
Naphthalene:  
128 m/z 
Methylnaphthalenes: 
142 m/z 
Dimethyl- & 
ethylnaphthalenes:  
156 m/z 
Class-indicating Ions 
Selected:  
128, 142, and 156 m/z 
Indanes Indane 
 
Dimethylindane 
 
Indane:118 amu 
Methylindanes:  
132 amu 
Dimethylindanes:  
146 amu 
Indane: 117 m/z 
Methylindane:  
131 m/z 
Dimethylindanes: 
131/132 m/z 
Class-indicating Ions 
Selected:  
117, 131, and 132 m/z 
Adamantanes Adamantane 
 
 
Dimethyladamantane 
 
 
Adamantane: 136 amu 
Dimethyladamantane:  
164 amu 
Dimethyl -ethyl-
adamantanes:   
192 amu 
Adamantane: 136 m/z 
Dimethyladamantane:  
149 m/z 
Dimethyl- ethyl- 
adamantanes:  
163 m/z 
Class-indicating Ions 
Selected:  
136, 149, and 163 m/z 
*as determined from literature 8 and National Institute of Standards and Technology (NIST) 
chemistry Web Book electron impact mass spectra 61 
All ion abundance values were obtained from MSD Chemstation® software 
(version E.02.00.493, Agilent Technologies Inc., Santa Clara, CA). The abundance 
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values from gasoline samples were obtained from 1,220 MS scans, where the abundance 
values from diesel samples were obtained from 1,704 MS scans (diesel containing more 
scans due to the longer analysis time in the diesel-optimized method).  The abundance 
values obtained for all ions produced what is referred to as a total ion spectrum (TIS) 22, 
where the abundance values obtained for the selected ions produced the equivalent of an 
extracted ion spectrum (EIS). This method of data analysis, using ion abundances, differs 
from the holistic, qualitative pattern-interpretation approach commonly used in fire debris 
analysis and was derived from recent research by Sigman et al., (2008) as well as a thesis 
research project by McHugh, both of which took a statistical approach to identifying 
ignitable liquids in challenging fire debris samples 22 23. Figure 11 provides a flow chart 
representation of how the TIS and the EIS data values were obtained.  
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+
=
SUM of the EIS abundances = ONE Numerical 
Value indicating the abundance of the class 
(alkanes) in the ignitable liquid 
Scan @ time point Abundance of 57 m/z
3.053 minutes 0
3.109 min 130
…… …..
21.450 min 79,036
TOTAL 890,832
Scan @ time point Abundance of 71 m/z
3.053 min 0
3.109 min 56
…… …..
21.450 min 45,076
TOTAL 430,198
Scan @ time point Abundance of 85 m/z
3.053 min 0
3.109 min 29
…… …..
21.450 min 35,091
TOTAL 200,172
Scan @ time point Abundance of all m/z 
ions
3.053 minutes 5,298
3.109 min 92,894
…… …..
21.450 min 8,527,229
TOTAL 890,832
Total Ion Chromatogram
(TIC)
57 m/z
71 m/z
85 m/z
Extracted
Ion Chromatograms (EIC)
Extracted Ion Spectra (EIS) as 
CSV file
Total Ion Spectrum
(TIS)
[Alkane-indicating 
abundance example]
 
Figure 11- Flow Chart detailing Extracted Ion Spectra Abundance Acquisition 
The data detailed in the four graphs (one with blue header and three with orange 
headers) in Figure 11 was obtained by retrieving the desired sample chromatogram in the 
Chemstation® software and selecting the “export data to CSV file” (CSV is comma 
separated value) within the file menu. The four graphs in Figure 11 depict how the 
abundance values were listed by mass scan (where each scan is related to a time point 
during the chromatographic analysis) in an excel file. The abundance values at each scan 
were then summed to obtain one numerical value to represent either the abundance of all 
ions in the sample (blue table total), or the abundance of the three selected ions in the 
sample (the sum of all three orange table totals).  
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Extracting the abundance data for all ions allows the loss of all compounds 
between neat, non-degraded ignitable liquids and degraded ignitable liquids to be 
observed, as a loss of abundance equates to a loss of ions which in turn can provide 
information on losses of compounds that fragment to produce those ions. Similarly, it 
was postulated that the loss of particular hydrocarbon classes could be assessed by 
examining the loss of abundance for the selected ions chosen to represent that class. The 
following assumptions were made when drawing conclusions about loss of compounds in 
a sample based on the loss of ion abundance: normalizing the data should sufficiently 
account for day-to-day changes in instrument sensitivity, and there is precision in the 
sample pipetting. 
 Once all total ion abundances and selected ion abundances were obtained for each 
sample and standard for each study sampling day, normalization of the data was 
performed where necessary. All normalizations, data pre-processing, graphing, and 
statistical analyses were performed using Microsoft® Excel (2007) except where noted 
differently. Additionally, the majority of the statistical analyses performed were selected 
with the specific purpose of being amenable to a relatively quick and simple 
implementation within the laboratory using statistical analyses that a forensic analyst is 
assumed to be moderately familiar with.  
2.3 Methods for Data Normalization  
Normalization to the system suitability standard was deemed necessary only on 
the samples from the general degradation study as the samples from that study, which 
were collected on days 0, 8, 16, and 26, were analyzed on different days. The system 
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suitability standards to be used for normalization of this data, as described above, were 
prepared as neat ignitable liquids diluted in pentane, which was different than the method 
of sample preparation than was used for the actual study samples. Since the study 
samples were prepared by performing heated headspace extraction that involves the 
heating of the ignitable liquid for an extended period of time, some loss of the sample is 
expected. If the abundance values from the samples prepared by heated headspace 
concentration were compared to the abundance values of the standards prepared by neat 
sample dilution, any observed loss of abundance from the sample would be over-
estimated.   Therefore, a two-part normalization was performed. First, in order to 
determine a theoretical abundance value for the neat standards as if they had been 
prepared by heated headspace concentration, a normalization of the standards was 
performed by determining the difference in abundance (for both total abundance and the 
abundances of the hydrocarbon class-indicating ions) between the day 0 standard and day 
0 sample (soil spiked with ignitable liquid and prepared by heated headspace 
concentration) as the day 0 sample was not expected to have experienced degradation. 
The sample abundance value was then divided by the standard’s abundance value in 
order to determine what percent of the abundance was lost due to sample preparation 
using the heated headspace concentration method. This percent-loss was then applied to 
the day 8, day 16, and day 26 system suitability standards to allow for more appropriate 
system suitability abundance values and more accurate abundance loss values that can be 
attributed to microbial degradation, as opposed to both sample extraction method and 
microbial degradation. The normalized standards were then used to determine the % of 
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sample abundance remaining as compared to a non-degraded abundance by dividing the 
total and class-indicating ion abundances observed on each sampling day by the 
respective total or class-indicating abundances of the normalized standard. The samples 
from the specific soil-type and the temperature study did not require normalization to a 
system suitability standard as the samples from day 0 and all sampling days were 
analyzed on the same day. Therefore, abundance losses were determined by dividing the 
total and class-indicating ion abundances observed on each sampling day by the 
respective abundance values for the day 0 samples that are not expected to have 
undergone degradation.  
The resulting values of both the two-part normalization involving the system 
suitability standard and the regular abundance loss normalization were interpreted as: % 
of sample abundance remaining as compared to a non-degraded abundance. For example, 
an abundance value of 12,000 for alkanes on sampling day 3 would be divided by the 
abundance for alkanes on day 0, for example 24,000, and the result would be interpreted 
as “50% of the alkane abundance remains after three days” as 12,000 is 50% of 24,000. 
Putting the actual abundance values into the % abundance remaining format allowed the 
abundance loss experienced by the ions to appropriately be compared between studies. 
Therefore, with the use of “abundance” throughout the remainder of this thesis, 
“abundance remaining compared to the abundance of the respective non-degraded 
hydrocarbon classes/total non-degraded ignitable liquid” is implied. When the actual 
abundance values obtained from Chemstation® were used, the term “actual abundance” 
will be used. 
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2.3.1 Methods for Identifying the Relative Ratios of the Six hydrocarbon 
Classes within Gasoline and Diesel 
 Following the normalization of the data, the relative ratios of the hydrocarbon 
class actual abundances (see section 2.3) on day 0 of each study for both gasoline and 
diesel were identified. These data were plotted into a bar graph (Figure 12), where each 
bar was segmented into six sections to represent the ratio of each hydrocarbon class. The 
ratios were determined by dividing each hydrocarbon classes’ actual abundance value by 
the sum of the six hydrocarbon classes’ actual abundance values. These ratios were used 
to show the relative proportions of the six hydrocarbon classes within gasoline and within 
diesel as indicated by the selected ion actual abundance values, and to compare those 
relative proportions to the well-known proportions of hydrocarbon classes in gasoline and 
diesel (for example, gasoline is known to contain a high abundance of aromatics whereas 
diesel is known to contain an abundance of n-alkanes). An additional assessment of the 
ratios/proportions of the six hydrocarbon classes was done by examining whether or not 
statistical differences in actual abundance exist between classes within each ignitable 
liquid (for example, alkane abundance in gasoline compared to aromatic abundance in 
gasoline), as well as between the two ignitable liquids (for example, alkane abundance in 
gasoline compared to alkane abundance in diesel). The methods for this assessment will 
be explained in section 2.5. 
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2.4 Methods for Using Descriptive Statistics and Simple Linear Regression to 
Assess the Abundance Loss for Each Hydrocarbon Class over the 
Degradation Period  
Descriptive statistics and simple linear regression analyses were performed for the 
total ion abundances and selected hydrocarbon-class indicating ion abundances 
(normalized values, see section 2.3) for each study. The statistical analyses performed 
consisted of the following: in order to investigate the correlation between the loss of ion 
abundance and the degradation period/time in soil, data points corresponding to the 
abundance (the % abundance remaining as compared to a neat, non-degraded standard) 
(dependent variable) for each sampling day (independent variable) were plotted into 
scatter plots. In total, 7 scatter plots per study (one for the abundance of all ions plus six 
for the abundances of hydrocarbon class-indicating ions), per ignitable liquid were 
produced. In instances where a non-significant correlation (P-value > 0.05) for a scatter 
plot was identified, an assessment of possible outliers was performed by employing the 
Dixon test62 on the data points from sampling days where there appeared to be possible 
outlying data point(s).  
For all scatter plots, a best-fit line was determined for the data points using the 
linear least-squares method. From the best-fit line, the coefficient of determination (r2), 
standard error of the estimate (Se), slope, and error of the slope were determined and 
assessed for the following purposes: the r2 was used to identify the classes which 
experienced the most linear degradation over the degradation period, the Se was used to 
identify which classes exhibited the most reliable loss of abundance, and the slope and 
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associated error of the slope were used to assess the rate of degradation experienced by 
each hydrocarbon class over the degradation period and how accurate the measure of the 
slope was (by the error). 
For the general degradation study scatter plot data points, if the correlations of 
abundance loss over time were identified as significant, predicted day 3 and day 7 values 
were obtained using the regression equation from the best-fit line. These predicted values 
were necessary so the slope values depicting the rate of hydrocarbon class abundance loss 
from the general degradation studies (which consisted of a 26-day degradation period) 
could be appropriately compared to the slope-values depicting the rate of hydrocarbon 
class abundance loss in the specific soil-type studies (which consisted of a 7-day 
degradation period). The predicted values were also utilized when performing two-way 
analyses of the variance (ANOVAs), the methods for which are detailed in section 2.4.1. 
2.4.1 Methods for Examining the Loss of Hydrocarbon Class Abundance 
over Time and Under Different Study Conditions by Analysis of the Variance  
A two-way ANOVA was used to examine whether or not time in the soil and/or 
different soil type (given the three different studies) produced significantly different 
losses of abundance for each of the six hydrocarbon classes in both gasoline and diesel.  
The normalized abundance values (see section 2.3) for day 3 and day 7 of all three 
studies were used when performing the ANOVAs. To assess the effect of time in soil, 
whether or not there was a significant difference in class-indicating ion abundance 
between the day 3 samples and the day 7 samples was examined by testing the following 
null hypothesis: There is no significant difference between the day 3 abundance values 
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and day 7 abundance values for [hydrocarbon class indicated by the ions being 
assessed]. If the null hypothesis is not able to be rejected, it could not be said with 95 % 
certainty that the abundances on day 3 and day 7 for the hydrocarbon class being assessed 
were significantly different. To assess the effect of the different soil types, whether or not 
there was a significant difference in class-indicating ion abundance for a particular 
sampling day given the three different study conditions/three different soil types was 
examined by testing the following null hypothesis: There is no significant difference in 
abundance between the three different studies for [hydrocarbon class indicated by the 
ions being assessed]. If the null hypothesis is not able to be rejected, it could not be said 
with 95 % certainty that the hydrocarbon class abundance on a given sampling day in a 
particular study was significantly different from that particular sampling day in the other 
two studies. The interaction of time and soil for each hydrocarbon class was also assessed 
by the two-way ANOVA, where the significance of the interaction was examined by 
testing the following null hypothesis: There is no interaction between the time in soil and 
soil type. For the hydrocarbon classes that failed to reject the null hypothesis for the 
interaction effect, the effects of time and of soil type could then be assessed independent 
of one another. 
As mentioned above, the day 3 and day 7 normalized abundance values (requiring 
the use of the predicted day 3 and day 7 abundance values for the general degradation 
study) were used for the ANOVAs. The day 0 normalized values (which were “100% 
abundance remaining” as no degradation was expected for the day 0 samples) were not 
used because if they were input for the ANOVA, that would likely increase the 
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probability of a type II error (failing to identify a significant difference when one actually 
does exist), for the soil type effect. For the predicted day 3 and day 7 general degradation 
study values, since only one value for ŷ was predicted given the x-values of 3 and 7, that 
required the prediction of two addition day 3 and day 7 abundance values to mimic 
triplicate sampling and allow the proper use of the ANOVA. The two additional values 
were obtained by determining the % relative standard deviation of the day 8 sample 
abundances for both gasoline and diesel, and applying that % to the predicted day 3 and 
day 7 abundances in order to obtain an upper predicted abundance value (predicted 
abundance + (plus) the amount of one relative standard deviation) as well as a lower 
predicted abundance value (predicted abundance – (minus) the amount of one relative 
standard deviation). 
2.5 Methods for Identifying Hydrocarbon Classes that are the Best 
Predictors of Diesel using Multinomial Logistic Regression Analysis and 
One-Way Analysis of the Variance  
Stepwise multinomial logistic regression analyses were performed on each 
sampling day for each of the three studies for both gasoline and diesel using the actual 
abundance values (see section 2.3) for the hydrocarbon class-indicating ions. The 
analyses were performed using Statistical Package for Social Sciences (SPSS), version 
2.0. The objective of the multinomial logistic regression analyses was to simultaneously 
assess the six classes of hydrocarbons to see which classes (or combination of classes) 
have the ability to predict whether a sample contains diesel as opposed to gasoline using 
the following equation:  
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P(y) = e (B0 + B1X1 + B2X2 + ….)/ 1+ e (B0 + B1X1 + B2X2 + ….) 
In the probability equation, e = the exponential function (a mathematical constant) 
and is ~ 2.72, B0 = the coefficient of the constant, Bn = the coefficient for predictor Xn, and 
Xn is the abundance for the predictor. The result of the equation is stated as “a sample 
containing [predictor class] with abundance values of Xn has a P(y) % probability of 
being diesel”.  
In order to appropriately assess the results of the multinomial logistic regression 
analyses, all predictor classes should be identified as providing significant information 
about the variable being studied (diesel), and have a standard error of the coefficient (B) 
less than 2.0. Additionally, the following thesis research-specific criterion was set: the 
predictor class for the day 0 samples should be the same for all three studies. It was 
determined that it would be appropriate to assess the remaining degradation day results 
(day 3’s, 7’s, 8’s, etc.) only if the predictor class identified by the logistic regression 
analysis for the day 0 samples was the same hydrocarbon class or classes as there is no 
valid reason why the day 0 results should be dissimilar. In the event that the same result 
for day 0 criteria was not met, one-way ANOVAs with post-hoc analysis using Fisher’s 
least significant differences (LSD) would be employed to assess the differences in 
hydrocarbon class abundance within both ignitable liquids (i.e. the difference in 
abundance of alkanes, aromatics, cycloalkanes, etc. within gasoline, and separately, 
within diesel), as well as between the two ignitable liquids (i.e. the differences in the 
abundance of each hydrocarbon class when present in gasoline versus in diesel). If 
different results were observed for a hydrocarbon class over the three different studies for 
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either the within factor or the between factor, that would be interpreted as a probable 
cause of, or contributor to, any issues with the day 0 multinomial logistic regression 
results. Lastly, the gasoline and diesel general degradation studies had only one sample 
analyzed on day 0 instead of triplicate samples which had been analyzed in the two 
specific soil-type studies and therefore, the prediction of two addition day 0 actual 
abundance values to mimic triplicate sampling was required. The two additional values 
were obtained by identifying the % relative standard deviation of the day 0 triplicate 
standards for both gasoline and diesel, and applying that % to the day 0 sample 
abundance in order to obtain an upper abundance value (sample abundance + (plus) the 
amount of one relative standard deviation), as well as a lower abundance value (sample 
abundance – (minus) the amount of one relative standard deviation). 
2.6 Methods and Rationale for the Diagnostic Ratio Modeling of 
Hydrocarbon Classes  
Hydrocarbon classes that were identified through the statistical analyses as 
exhibiting either resistance to degradation or reliable degradation given different study 
condition were grouped in multiple different pairs and the corresponding abundance 
values (normalized; see section 2.3) of the hydrocarbon classes were used to  produce a 
ratio (done separately for hydrocarbon classes in gasoline and diesel). One ratio per 
hydrocarbon class pair (as opposed to three ratios given the triplicate samples) was 
obtained by summing the triplicate normalized abundance values for the selected 
hydrocarbon classes and dividing those summed abundance values. The following 
equation is an example of how the alkane-to-cycloalkane ratio for day 8 of the general 
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degradation study was derived: (sum of triplicate alkane normalized abundance values on 
day 8 of general degradation study) / (sum of triplicate cycloalkane normalized 
abundance values on day 8 of general degradation study) = 0.7313. An assessment of 
whether or not the ratio changed significantly given different sampling days and whether 
or not there was a consistent trend in the change of ratio as the length of the degradation 
period increased was performed to determine which classes, if any, might be able to 
produce the equivalent of a diagnostic ratio to aid in identifying the presence of 
biodegraded gasoline or diesel. Hydrocarbon classes that produced a ratio that is either 
similar for all the different sampling days, or that steadily increases or decreases given a 
longer degradation period would be such classes.  
3. Results 
 The primary goal of this research was to assess the biodegradation of six different 
classes of hydrocarbons using statistical methods to identify which classes, if any, 
showed indications of being resistant to degradation and/or being reliable in their 
degradation. Prior to using methods of statistical analysis to draw conclusions about 
hydrocarbon class resistance or reliability, the novel method used to indicate the presence 
of the each of the six hydrocarbon classes which involved the use of selected ions (three 
ions per hydrocarbon class) required validation (detailed in section 3.1). The analyses that 
followed the method validation involved assessing the correlation of abundance loss and 
time in soil, as well as the manner in which the loss of abundance for hydrocarbon class-
indicating ions occurred during the degradation period which was accomplished by 
simple linear regression analysis. Additionally, the significance of time and different soil 
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types on abundance loss was examined using a two-way ANOVA. The last statistical 
analysis, the multinomial logistic regression, was employed to identify hydrocarbon 
classes that could act as predictors of the presence of diesel as opposed to gasoline. It 
should be noted that the hydrocarbon classes that were identified as exhibiting 
characteristics of resistance to and/or reliability of degradation from the simple linear 
regression and ANOVA results were taken into consideration when selecting 
hydrocarbon classes to utilize in the diagnostics ratio modeling and therefore, the certain 
conclusions from each of those analyses will be stated in the results section to provide the 
rationale for the selection of that hydrocarbon class in the ratio modeling.  
3.1 Relative Ratios of the Six hydrocarbon Classes within Gasoline and 
Diesel  
Prior to implementing the statistical analyses, the viability of the three selected 
ions and their abundances to appropriately indicate the presence of a particular 
hydrocarbon class was assessed. The results of the assessment are provided in Figure 12, 
where it can be observed that the relative proportions of each of the six hydrocarbon 
classes in both ignitable liquids as indicated by the ion abundances are in agreement with 
the well-characterized compositions of both gasoline and diesel. The high relative ratio of 
aromatic hydrocarbons in the gasoline samples is noted as well as the high relative 
abundance of alkanes, followed by a lower but appreciable abundance of cycloalkanes 
and aromatics is noted in diesel fuel. Aside from the well-known prominent hydrocarbon 
classes in both ignitable liquids (being aromatics and alkanes for gasoline and diesel, 
respectively), the higher relative ratios of cycloalkanes, naphthalenes, indanes, and 
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adamantanes in diesel fuel is in agreement with diesel being a more complex distillate in 
comparison to gasoline, which is more refined. This analysis was a first crucial step for 
the use of the selected ion abundances to indicate their respective hydrocarbon classes.  
 
Figure 12- Relative Ratios of Hydrocarbon Classes in Gasoline and Diesel: Each bar 
represents the ratio of the six hydrocarbon classes for the studies labeled on the x-
axis. These ratios are in agreement with previous research where the aromatics are 
a major constituent of gasoline, whereas the alkanes and cycloalkanes have a 
greater ratio among hydrocarbon classes in diesel. 
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3.2 Descriptive Statistics and Simple Linear Regression to Assess 
Hydrocarbon Class-Indicating Ion Abundance Loss over the Degradation 
Period  
The purpose of the linear regression analysis was to examine whether or not a 
significant correlation between time and abundance loss existed (P-values of < 0.05 in 
Table 5 identifies a significant correlation). The simple linear regression analysis 
provided an assessment of the following: the linearity of hydrocarbon class degradation 
with the r2 values, a measure of the reliability with which a hydrocarbon class degrades 
given the Se for the best fit line, and a measure of the rate of abundance loss over the 
degradation period given the slope of the line. Figure 13 represents two of the six scatter 
plots (one scatter plot was produced each of the three studies for both gasoline and diesel) 
that were produced using the abundance values from all ions in the m/z spectrum, where 
Figure 14 represents two of the 36 scatter plots that were produced using the hydrocarbon 
class-indicating ion abundances (one scatter plot was produced per hydrocarbon class per 
study for both gasoline and diesel; all raw scatter plots produced are included in the 
Appendix). 
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Figure 13- Scatter Plots Depicting the Loss of Abundance over the Degradation 
Period for the General Degradation Study Samples: Loss of all m/z Ions. Gasoline 
(scatter plot A) and diesel (scatter plot B) both show a significant loss of abundance 
over the 26-day degradation period with gasoline samples experiencing a slightly 
greater loss of abundance than diesel towards the end of the degradation period 
shown by both the data points as well as the steeper slope of the best fit line for 
scatter plot A. 
 
A 
B 
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Figure 14- Scatter Plots Depicting the Loss of Abundance over the Degradation 
Period for the General Degradation Study Samples: Loss of Selected Aromatic-
Indicating Ions. Gasoline (scatter plot A) and diesel (scatter plot B) both show a 
significant loss of abundance over the 26-day degradation period with gasoline 
samples experiencing a significantly greater loss of abundance than diesel on all 
sampling days as shown by both the data points as well as the steeper slope of the 
best fit line for scatter plot A. 
 
The r2 and Se measures obtained from the best-fit line in scatter plots are 
presented in Table 5 for gasoline and diesel samples. An r2 value of closest to 1.0 was 
A 
B 
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most desirable, indicating linearity in the abundance loss, as was a low Se, indicating 
reliability in the manner of abundance loss. The slope-values and associated error of the 
best-fit line slope obtained from all scatter plots are presented in Table 6 for gasoline and 
diesel samples. A large negative slope-value was desirable as a slope close to 
zero/horizontal would indicate a slow rate of abundance loss over the degradation period. 
The following abbreviations are used for the hydrocarbon classes in Tables 5 and 6: ada= 
adamantanes, alk= alkanes, aro=aromatics, cyc=cycloalkanes, nap= naphthalenes, and 
ind= indanes.  
3.2.1 Simple Linear Regression Results (Part I): The Linearity and 
Reliability of Abundance Loss Determined by the Coefficient of 
Determination and Standard Error of the Estimate of the Best Fit Line  
Table 5- Measures of Linearity and Reliability for Gasoline and Diesel 
Biodegradation using r2 and Percent Se 
 
Class General Degradation Study Silty-Clay Study Sandy-Loam Study P-value r2 % Se P-value r 2 % Se P-value r 2 % Se 
G 
A 
S 
Alk 0.00 0.850 18.30 0.00 0.960 6.55 0.00 0.742 16.24 
Aro 0.00 0.718 30.69 0.00 0.951 9.66 0.00 0.842 14.17 
Cyc 0.00 0.864 16.21 0.00 0.960 6.37 0.01 0.636 18.39 
Nap 0.00 0.714 31.09 0.00 0.965 7.26 0.00 0.823 12.10 
Ind 0.00 0.865 18.20 0.00 0.927 11.23 0.00 0.698 15.71 
Ada 0.00 0.916 12.08 0.00 0.818 17.51 0.01 0.589 16.27 
Gasoline 
Total Ion* 0.00 0.827 20.41 0.00 0.956 7.97 0.00 0.760 15.26 
D 
I 
E 
S 
E 
L 
Alk 0.00 0.727 28.48 0.00 0.870 11.71 0.00 0.840 13.14 
Aro 0.00 0.900 13.44 0.00 0.824 12.68 0.00 0.802 9.39 
Cyc 0.00 0.889 13.90 0.00 0.731 13.45 0.00 0.761 10.02 
Nap 0.00 0.855 14.46 0.00 0.674 15.85 0.00 0.749 9.78 
Ind 0.00 0.937 9.64 0.00 0.787 13.67 0.00 0.705 9.72 
Ada 0.00 0.936 7.33 0.06 0.403 16.68 0.04 0.461 8.81 
Diesel 
Total Ion* 0.00 0.879 14.11 0.46 0.080 19.64 0.00 0.788 8.91 
*total ion refers to the extraction of the abundance of all m/z ions at each scan and is not meant 
to represent the total of the values in the column. Red highlighting indicates non-significance. 
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Each gasoline scatter plot for both the total gasoline abundance and the 
hydrocarbon class indicating ion abundances in all studies were identified as having 
significant correlations (all P-values < 0.05). The same was not the case for all diesel 
scatter plots. The correlation of abundance loss and time in soil for the adamantane-
indicating ion abundance data points and the total diesel ion abundance data points 
produced P-values of 0.06 and 0.46, respectively. Given the P-value, the adamantane 
abundance data points exhibited a trend towards linear degradation. Both scatter plots 
were assessed for the possible presence of outliers by performing the Dixon test on the 
questioned data points. 
For both gasoline and diesel, the total ion abundances indicated with asterisks, 
exhibit r2 values and % Se values that are similar to those of the selected hydrocarbon 
class-indicating ion abundances within each respective study. This is an indication that 
the six hydrocarbon classes chosen are able to effectively describe the linearity and 
reliability with which gasoline and diesel degrade. If the values of the total ion 
abundance and class indicating abundances were very dissimilar, that would be an 
indication that compounds other than those in the six hydrocarbon classes were present in 
large enough amounts in either gasoline or diesel to cause the total ion abundance loss to 
differ. This was not the case due to the fact that compounds belonging to the six 
hydrocarbon classes selected for this research encompass a large majority of the 
compounds in both ignitable liquids.  
The hydrocarbon classes that are of interest for their r2 values close to 1 and low 
% Se were chosen considering the results from all three studies and were the classes that 
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exhibited those desirable statistical results (r2 values close to 1 and low % Se) repeatedly. 
Tables 6 and 7 show the results for the gasoline and diesel hydrocarbon classes, 
respectively, ordered from left to right, going from most desirable to least desirable 
result. Each class is arbitrarily assigned a color to aid the reader in identifying which 
classes repeatedly showed the above mentioned desirable results. 
Table 6- Ordering of Hydrocarbon Classes in Gasoline based on r2 and Percent Se 
 
Gasoline Assessment r2 closest to 1/Low Se                                                  r2 closet to 0/high Se 
General Degradation 
Study r2 Ada Ind Cyc Alk Aro Nap 
General Degradation 
Study % Se 
Ada Cyc Ind Alk Aro Nap 
Silty-clay Study 
 r
2
 
Nap Cyc Alk Aro Ind Ada 
Silty-clay Study 
% Se 
Cyc Alk Nap Aro Ind Ada 
Sandy-loam Study 
 r
2
 
Aro Nap Alk Ind Cyc Ada 
Sandy-loam Study 
% Se 
Nap Aro Ind Alk Ada Cyc 
 
Table 7- Ordering of Hydrocarbon Classes in Diesel based on r2 and Percent Se 
 
Diesel Assessment r2 closest to 1/Low Se                                                         r2 closet to 0/high Se 
General Degradation   
Study r 2 Ind Ada Aro Cyc Nap Alk 
General Degradation 
Study % Se 
Ada Ind Aro Cyc Nap Alk 
Silty-Clay 
Study r 2 Alk Aro Ind Cyc Nap Ada 
Silty-Clay  
Study % Se 
Alk Aro Ind Cyc Nap Ada 
Sandy-loam  
Study r 2 Alk Aro Cyc Nap Ind Ada 
Sandy-loam  
Study % Se 
Ada Aro Ind Nap Cyc Alk 
 
Overall, there is no one hydrocarbon class in gasoline (Table 6) that exhibits a 
greater linearity of degradation over another when all of the studies are taken into 
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consideration. When considering the different studies separately, the general degradation 
study seemed to produce the opposite effect when compared to the specific soil-type 
studies. Since the r2 values in Table 5 were obtained using the original data points from 
each sampling day in each study (where the general degradation study consisted of 26 
degradation days and the specific soil-type studies consisted of 7 degradation days), the 
results in Table 6 indicate that no hydrocarbon classes in gasoline exhibit a similar 
linearity in their degradation over different lengths of time. When only considering the 
silty-clay and sandy-loam studies, and thus only considering a degradation period of 7 
days, naphthalenes are the only class of hydrocarbon that exhibits any linearity in their 
degradation. In contrast, the results of the general degradation study indicate that the 
linearity of naphthalene degradation does not remain low given a longer period of 
degradation. This observation may also be caused by the different soil types and thus, this 
observation is largely an assumption. For the assessment of % Se, the one class of 
hydrocarbon that consistently shows a low % Se is the alkanes. This is an indication that 
the alkanes are overall the most reliably degraded out of the six hydrocarbon classes in 
gasoline. In conclusion, the results of the r2 and Se assessments indicate that the alkanes 
and naphthalenes are hydrocarbon classes of interest for use in the diagnostic ratio 
modeling for gasoline. 
For the results of the diesel hydrocarbon classes, since no outliers were identified 
in the data points that exhibited a non-significant correlation, all of the original data 
points in the non-significant scatter plots (the adamantane ion abundance and total diesel 
ion abundance scatter plots) were used in the calculations of the r2 and Se.  However, the 
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non-significance of the total ion abundance data points for diesel in the silty-clay study 
was identified as being a result of the day 3 triplicate samples having a relatively wide 
spread of abundances which could possibly be attributed to the lack of precision in 
pipetting of the 10 µL of diesel, and therefore, the inclusion of those data points for the 
simple linear regression analysis may have produced inaccurate results.  
Similar to what was observed for the gasoline hydrocarbon classes is that the 
ordering of hydrocarbon classes in diesel based on their desirable r2 values (closest to 1) 
and % Se (low) appears to be the opposite for some of the classes between the general 
degradation study and the soil-specific studies. The one class of hydrocarbons that shows 
a comparatively linear degradation and low % Se when considering all three diesel studies 
is the aromatics. When only considering the soil-specific studies, the alkanes exhibit the 
most linear degradation where when only considering the general degradation study, the 
alkanes exhibit the least linear degradation. In conclusion, the results of the r2 and Se 
assessments indicate the alkanes and aromatics are of interest for use in the diagnostic 
ratio modeling for diesel. 
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3.2.2 Simple Linear Regression Results (Part II): The Rate and Reliability of 
Abundance Loss Determined by the Slope of the Best Fit Line and Associated 
Slope Error 
Table 8- Rate of Hydrocarbon Class-Indicating Ion Abundance Loss with Percent 
Error for Gasoline and Diesel Samples 
Class 
General Degradation 
Study* 
Silty-clay Study Sandy-loam Study 
Slope % Error Slope % Error Slope % Error 
G 
A 
S 
Alk -0.053 8.51 -0.097 7.64 -0.084 22.26 
Aro -0.067 12.48 -0.123 8.56 -0.104 16.36 
Cyc -0.043 4.31 -0.093 7.71 -0.075 28.59 
Nap -0.068 12.71 -0.112 7.18 -0.077 17.52 
Ind -0.053 6.84 -0.114 10.59 -0.072 24.83 
Ada -0.047 5.23 -0.105 17.80 -0.058 31.55 
Gasoline 
Total ion** -0.057 9.95 -0.109 8.06 -0.085 21.20 
D 
I 
E 
S 
E 
L 
Alk -0.064 12.43 -0.088 14.60 -0.085 16.47 
Aro -0.050 8.58 -0.079 17.47 -0.055 18.76 
Cyc -0.049 8.89 -0.065 22.91 -0.052 21.14 
Nap -0.046 9.60 -0.065 26.23 -0.049 21.87 
Ind -0.044 6.97 -0.075 19.63 -0.043 24.43 
Ada -0.032 5.44 -0.063 29.39 -0.024 40.79 
Diesel 
Total Ion** -0.049 9.17 -0.019 127.78 -0.050 19.54 
*values for slope and error for the general degradation derived using the predicted day 3 and 7 
abundance values 
** Total ion refers to the extraction of the abundance of all m/z ions at each scan and is not 
meant to represent the total of the values in the column. Red highlighting indicates non-
significance 
 
Since each scatter plot in the general degradation study for both gasoline and 
diesel was deemed significant as explained above, the predictions of the day 3 and day 7 
abundance values that were used to obtain comparable slopes from the general 
degradation study were justified. A comparison of the total ion abundance slope values 
and associated slope errors to the hydrocarbon class-indicating ion abundance slope 
values and associated errors in each study produced the same conclusions as the 
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respective comparisons for the r2 values; the six hydrocarbon classes are able to 
effectively describe the rate at which gasoline and diesel degrade. If the total ion 
abundance scatter plot slope values were all appreciably closer to zero/horizontal than the 
slope values of the hydrocarbon classes, that would indicate the presence of degradation 
resistant compounds other than those belonging to the six hydrocarbon classes present in 
gasoline and diesel. This is not the case though, which is logical due to the well 
characterized composition of the two ignitable liquid and the fact that no other 
hydrocarbons are present in a high abundance than those represented by the six 
hydrocarbon classes selected for this study.  
The hydrocarbon classes that are of interest for their high negative slope values 
and low slope error were chosen considering the results from all three degradation 
studies, and were the classes that exhibited the most desirable statistical result repeatedly. 
Tables 9 and 10 show the results for the gasoline and diesel hydrocarbon classes, 
respectively, ordered from left to right, going from most desirable (more horizontal slope 
and low slope error) to least desirable result (more vertical slope and high slope error). 
Each class is arbitrarily assigned a color to aid the reader in identifying which classes 
repeatedly showed desirable results. 
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Table 9- Ordering of Hydrocarbon Classes in Gasoline based on Rate of Abundance 
Loss and Percent Slope Error 
 
Gasoline Assessment Horizontal slope/low error                                   Vertical slope/high error 
General Degradation 
Study Slope Cyc Ada Alk Ind Aro Nap 
General Degradation  
study % Error Cyc Ada Ind Alk Aro Nap 
Silty-clay study  
Slope Cyc Alk Ada Nap Ind Aro 
Silty-clay Study 
% Error Nap Alk Cyc Aro Ind Ada 
Sandy-loam Study 
Slope Ada Ind Nap Cyc Alk Aro 
Sandy-loam Study 
% Error Aro Nap Alk Ind Cyc Ada 
 
Table 10- Ordering of Hydrocarbon Classes in Diesel based on Rate of Abundance 
Loss and Percent Slope Error 
 
Diesel Assessment Horizontal slope/low error                                   Vertical slope/high error 
General Degradation 
Study Slope Ada Ind Nap Cyc Aro Alk 
General Degradation 
Study % Error Ada Ind Aro Cyc Nap Alk 
Silty-clay  
Study Slope Ada Cyc Nap Ind Aro Alk 
Silty-clay  
Study % Error Alk Aro Ind Cyc Nap Ada 
Sandy-loam  
Study Slope Ada Ind Nap Cyc Aro Alk 
Sandy-loam  
Study % Error Alk Aro Cyc Nap Ind Ada 
 
For the gasoline hydrocarbon class slope results (Table 9), similar to the 
assessment of the r2 values, there is no trend of any one hydrocarbon class producing a 
more horizontal slope over another when all of the studies are taken into consideration. 
The naphthalenes in gasoline that were deemed a linearly degrading hydrocarbon class in 
the assessment of r2 values are shown to exhibit highly variable rates of degradation with 
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variable associated error given different soil conditions. Additionally, the alkanes in 
gasoline, which were identified as the most consistently reliably degraded hydrocarbon 
class considering all studies, are shown in Table 9 as exhibiting variable rates of 
degradation with variable associated error given the different study conditions. When 
considering only the slope values and dismissing the associated errors, the adamantanes 
exhibit a relatively slow rate of degradation compared to the five other classes, followed 
by the cycloalkanes which exhibit a faster rate of degradation than the adamantanes, but 
overall a slower rate of degradation than the other four hydrocarbon classes. In 
conclusion, the slope assessments indicate that the cycloalkanes and adamantanes are 
hydrocarbon classes that may have utility for the gasoline diagnostic ratio modeling. 
Table 10 highlights the first instance in which one hydrocarbon class exhibits the 
most desirable value over the other hydrocarbon classes for all three studies: the 
adamantanes in diesel for their slowest rate of degradation. The adamantanes in diesel are 
also the only hydrocarbon class that produced a scatter plot with a non-significant 
correlation of data points. Given the conclusion of the non-significant adamantane scatter 
plot being possibly due to inaccurate pipetting and the fact that the other adamantane-
indicating ion abundances in the other two studies (which did produce significant 
correlations of adamantane ion abundance loss and time) also showed the slowest rate of 
change over time, is in support of the adamantanes being accurately identified as a 
relatively slow degrading hydrocarbon class. When assessing which hydrocarbon classes 
exhibited overall low slope error, no one hydrocarbon class was identified as producing a 
best fit line with a consistently low slope error. In conclusion, the slope assessments 
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indicate that the adamantanes are of interest for the diesel diagnostic ratio modeling due 
to their slow rate of degradation.  
3.2.3 Analysis of the Variance Results: The Effects of Time and Different Soil 
Type on Abundance Loss Determined by Significant Differences 
The ANOVAs performed in this research provided a way to simultaneously 
assess, for each hydrocarbon class, whether or not the time/degradation period or the 
different soil types given the three different study conditions resulted in ion abundances 
that were significantly different. The first step in the ANOVA was to assess the 
interaction of the two factors and determine whether or not the two factors being assessed 
could have conclusions drawn about them independent of one another. For all 
hydrocarbon classes in both gasoline and diesel, the null hypothesis for the interaction of 
time and soil failed to be rejected at a 0.05 significance level.  Therefore, all hydrocarbon 
classes could have the effects of both time and soil type assessed independently. 
An ANOVA is commonly employed to identify and explain instances where 
factors do have a significant effect on an outcome or response where the result of interest 
is the null hypothesis being rejected, as opposed to identifying instances where a factor 
does not have a significant effect. However, for this thesis research, the purpose of the 
ANOVA was to identify factors that did not have a significant effect on hydrocarbon 
class abundance loss. Therefore, the ANOVA results reported in Table 11 will include 
the P-values for each of the three Factors (time, soil type, and interaction) for all 
hydrocarbon classes, but only the hydrocarbon classes with P-values > 0.05, indicating 
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that the factor was not a significant contributor to the differences in abundance, will be 
expounded upon in writing. 
Table 11- Identification of Significant Differences in Hydrocarbon Class Abundance 
for Time, Soil, and Interaction Effects:  Gasoline and Diesel Two-Way ANOVA 
Results 
 
Hydrocarbon class P-values from 3x2 ANOVA* Gasoline Diesel 
Alkanes 
Time Effect 0.01 0.00 
Soil Effect 0.21 0.06 
Interaction Effect 0.67 0.71 
Aromatics 
Time Effect 0.00 0.00 
Soil Effect 0.00 0.00 
Interaction Effect 0.08 0.83 
Cycloalkanes 
Time Effect 0.03 0.02 
Soil Effect 0.17 0.31 
Interaction Effect 0.77 0.83 
Naphthalenes 
Time Effect 0.00 0.12 
Soil Effect 0.00 0.12 
Interaction Effect 0.19 0.89 
Indanes 
Time Effect 0.00 0.02 
Soil Effect 0.00 0.00 
Interaction Effect 0.72 0.57 
Adamantanes 
Time Effect 0.06 0.38 
Soil Effect 0.00 0.47 
Interaction Effect 0.92 0.76 
*3x2 ANOVA where 3=three column Factors: general degradation (loam), silty-clay, and sandy-
loam soil types and 2= two row Factors: day 3 and day 7 of sampling. Blue highlighting 
indicates P-values > 0.05. 
Gasoline Time Effect: The adamantanes are the only class of hydrocarbon in 
gasoline where no significant effect of time on abundance value was indicated by the 
ANOVA [F (1, 17) = 4.14, P > 0.05]. Although the loss of adamantane-indicating ion 
abundance between two sampling days of all three studies was not statistically significant 
at the 95% confidence level, it is important to note that there was a strong trend (P = 
0.06) which can be observed in Figure 15. 
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Figure 15- Effects of Time on Adamantane-Indicating Ion Abundance Loss in 
Gasoline. The ANOVA identified the Day 3 and Day 7 abundance values for the 
three studies as not significantly different (P-value greater than 0.05), but a trend 
was observed (actual P-value = 0.06). 
 
Diesel Time Effect: The naphthalenes and the adamantanes are the two classes of 
hydrocarbons in diesel where no significant effect of time on abundance value was 
observed by the ANOVAs [F (1, 16) = 2.75, P > 0.05, and F (1, 16) = 0.79, P = > 0.05, 
respectively]. Although both produced a result indicating no significant difference in 
abundance, it appears that the adamantanes, while not statistically significant (P = 0.38), 
have less variation in ion abundance given the similarities in abundance between the 
different sampling days compared to the naphthalenes, which were also not statistically 
significant (P = 0.12). These characteristics can be observed in Figure 16. 
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Figure 16- Effects of Time on Naphthalene- and Adamantane-Indicating Ion 
Abundance Loss in Diesel. The ANOVAs identified the abundance loss between 
sampling Day 3 and sampling Day 7 for both hydrocarbon classes as not 
significantly different. The bar graph or the adamantanes shows that between the 
two hydrocarbon classes, the adamantanes exhibits the least variation in abundance 
between the two sampling days.  
 
Gasoline Soil Effect: The alkanes and the cycloalkanes are the two classes of 
hydrocarbons in diesel where no significant effect of different soil type on abundance 
value was observed by the ANOVAs [F (2, 17) = 1.73, P > 0.05, and F (2, 17) = 2.01, P 
> 0.05, respectively]. While not significant, overall it appears that both the alkane and the 
cycloalkane ion abundances remain similar between the three different soil types.  These 
characteristics are depicted in the bar graphs in Figure 17. 
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Figure 17- Effects of Soil-Type on Alkane- and Cycloalkane-Indication Ion 
Abundance Loss in Gasoline. Although the loss of abundance between the three 
study types for both the alkanes and cycloalkanes was identified as not significantly 
different, the moderate P-values do indicate low level differences which are more 
prominent in the alkanes than in the cycloalkanes, and more prominent in the day 7 
samples for both hydrocarbon classes. 
 
Diesel Soil Effect: The cycloalkanes, naphthalenes, and adamantanes are the 
three hydrocarbon classes in diesel where no significant effect of soil type on abundance 
value was observed by the ANOVAs [F (2, 15) = 1.27, P = 0.31; F (2, 15) = 2.53, P = 
0.12; and F (2, 15) = 0.78, P = 0.47, respectively]. Although all three hydrocarbon classes 
were not significant, it appears that the adamantanes have the least variation in abundance 
given the three different soil types, followed by the cycloalkanes which showed slightly 
more variation. The naphthalenes showed the most variation in abundance between the 
three different soil types in comparison to the adamantanes and cycloalkanes which can 
be observed in Figure 18. 
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Figure 18- Effects of Soil-Type on Cycloalkane-, Naphthalene- , and Adamantane-
Indicating Ion Abundance Loss in Diesel. The adamantanes exhibit the lowest 
variation in ion abundance for both Day 3 and Day 7 samples compared to the 
cycloalkanes and naphthalenes. 
 
 In conclusion, the abundances of the adamantane-indicating ions in gasoline, and 
the naphthalenes- and adamantine-indicating ions in diesel were identified as not being 
significantly different between day 3 and day 7 of sampling. The inference drawn from 
these results is that the naphthalenes in diesel and the adamantanes in both ignitable 
liquids are relatively resistant to degradation when compared to the other hydrocarbon 
classes that were assessed. The abundances of the alkane- and cycloalkane-indicating 
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ions in gasoline and of the cycloalkane-, naphthalene-, and adamantine-indicating ions in 
diesel were identified as not being significantly different given the different soil types of 
the three different studies. Inferred from this result is that the above mentioned classes 
exhibit reliability in their abundance loss in comparison to the other hydrocarbon classes 
(aromatics, naphthalenes, indanes, and adamantanes in gasoline, as well as the alkanes, 
aromatics, and indanes in diesel) that were assessed. Therefore, the alkanes, cycloalkanes, 
and adamantanes in gasoline and the cycloalkanes, naphthalenes, and adamantanes in 
diesel were all of interest for use in the diagnostic ratio modeling section of this thesis. 
3.3 Multinomial Logistic Regression Analysis Results: Hydrocarbon Classes 
Identified to Predict of the Presence of Diesel with One-Way Analysis of the 
Variance Followed up with Fisher's Least Significant Differences 
Stepwise logistic regression analyses were conducted to identify which of the six 
hydrocarbon classes were the best predictors of the sample being diesel as opposed to 
gasoline. An initial examination of the ANOVA P-values for each predictor class 
indicated that all predictors were significant (P-values < 0.05). Additionally, all standard 
errors for all coefficients of the predictors were < 2.0, indicating that a serious error in the 
spread of the data did not exist. The criterion of “same predictor” for the day 0 samples in 
the three studies was not met, and therefore, the predictors selected for the remaining 
sampling days could not be interpreted with any reliability. However, an assessment of 
the day 0 results was still performed (Table 12), along with an abbreviated assessment of 
the remaining sampling day results (Table 13) to show the similarities and differences of 
the predictors selected for each sampling day.  
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Table 12- Stepwise logistic Regression Results: Predictor Hydrocarbon Classes for 
Day 0 samples 
 
Day 0 Samples Predictors B * SE of B Beta** P-value+ Model R2 
General 
Degradation 
Study 
(constant) 1.549 0.000  0.004 0.987, 
0.998 Aromatics 0.000 0.000 -0.586/ 
0.55 
0.008 
Cycloalkanes 5.591E-009 0.000  0.421/ 
1.5 
0.021 
Silty-Clay 
Study 
(constant) 1.030 0.129  0.001 0.868 
Adamantanes 5.040E-008 0.000  0.932/ 
2.5 
0.007 
Sandy-Loam 
Study 
(constant) 1.995 0.048  0.000 0.991, 
1.000  Aromatics 0.000 0.000 -0.709/ 
0.49 
0.000 
Indanes 3.111E-008 0.000   0.302/ 
1.3 
0.001 
*B = unstandardized/raw coefficient: a measure of that variables’ independent contribution to 
the prediction probability, also stated as: the difference in the probability of a case given a one-
unit change in the variable  
**Beta= standardized coefficients: a measure of the difference in probability of a case given a 
one standard deviation change in the variable (no Beta values exist for the constants) 
+ P-values are the interpretation of the t-test on each predictor with the null hypothesis: the 
independent variables (predictors) make no difference in predicting the presence of diesel. P-
values < 0.5 reject the null and indicate that the predictor is a significant contributor to diesel 
prediction. 
(Note that grey shading indicates values not produced for the measure) 
 
 Prior to interpretation of the results, a brief explanation of the B coefficients and 
the Beta coefficients will aid the reader in understanding the results. Typically, the B 
coefficients are a more reliable and better indicator of the effect of the variable on the 
model as they are raw values. However, since the abundance values that were employed 
were so large and since the coefficients measure the difference in probability of the 
sample containing diesel given a one unit change in the abundance of the predictor, the 
values of the coefficients are almost useless. They do, however, provide enough 
information for the prediction equations which will be detailed below. The Beta 
coefficients are a standardized coefficient that measures the difference in the probability 
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of a sample containing diesel given a one standard deviation change in the abundance of 
the hydrocarbon class predictor. Given the type of data employed for this analysis (the 
actual abundance values of ions from GC-MS data) the Beta coefficient becomes a more 
realistic number to assess. The column labeled “Beta” in Table 12 contains the Beta 
probability (first number) as well as the probability converted to the odds of the case (the 
second number, which was determined by raising the exponential constant e to the power 
of the Beta). This second number in each of the Beta column cells can be interpreted as: 
A one standard deviation increase in the abundance of the predictor hydrocarbon class 
increases the odds of the case (the sample being diesel as opposed to gasoline) by 
[e^Beta] times. For example, given the aromatics as a predictor of the presence of diesel 
in the general degradation study, a one standard deviation change in the aromatic 
abundance “increases” the odds of the sample being gasoline by 0.55 times. Therefore, an 
increase in aromatic abundance in diesel actually negatively impacts the odds that the 
sample is diesel. Given the second predictor class for that study (the cycloalkanes), an 
increase of one standard deviation in the abundance of the cycloalkanes increase the odds 
of the sample containing diesel versus gasoline by 1.55 times.  
The interpretation of the day 0 results is as follows: for the logistic regression 
analysis of the hydrocarbon classes on day 0 of degradation in loam (no degradation 
expected), the analysis proceeded through two steps with no variables removed so 
therefore, the prediction equation contained two of the six hydrocarbon classes. The 
prediction model was statistically significant (better than by chance), F (2, 3) = 912.984, 
P < 0.000, and the aromatics and cycloalkanes were identified as providing a significant 
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contribution to the prediction. An R2 of 0.987 with only the aromatics in the equation 
followed by an increase to 0.998 when the cycloalkanes were added to the equation 
indicated that the aromatics are very good predictors of ignitable liquid type, but the 
aromatics and the cycloalkanes are, in combination, better predictors of the ignitable 
liquid type. The alkanes were also identified as a statistically significant predictor class, 
but the addition of the alkanes only provided a minimal increase (0.002 increase) in the 
R2 value and no increase in prediction probability, and therefore it was acceptable to 
leave the alkanes out of the equation. The remaining hydrocarbon classes did not enter 
into the equation as they did not provide any statistical significance to the prediction. 
Overall, the presence of aromatics and cycloalkanes in a sample with 14.36% and 33.15% 
abundance relative to the total abundance of the six hydrocarbon classes, respectively, 
produces a 90.30% probability that the sample contains diesel.  
For the logistic regression analysis of the hydrocarbon classes on day 0 of 
degradation in silty-clay (no degradation expected), adamantane abundance was entered 
into the regression equation during the first step. The model was statistically significant, 
F (1, 4) = 26.248, P < 0.05, and the adamantanes were identified as a significant 
contribution to the prediction. An R2 of 0.868 with the adamantanes as the only class in 
the prediction equation indicated that the adamantanes are a moderately good predictor of 
whether a sample contains diesel. None of the remaining five hydrocarbon classes 
entered the equation as they did not provide anything of statistical significance to the 
prediction. Overall, the presence of the adamantanes in a sample with 2.42% abundance 
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relative to the total abundance of the six hydrocarbon classes produces an 87.36% 
probability that the sample contains diesel. 
For the logistic regression analysis of the hydrocarbon classes on day 0 of 
degradation in sandy-loam (no degradation expected), the analysis proceeded through 
two steps with no variables removed; the prediction equation contained two of the six 
hydrocarbon classes. The prediction model was statistically significant, F (2, 3) = 
12016.160, P < 0.00, and the aromatics and indanes were identified as making significant 
contributions to the prediction. An R2 of 0.991 when only the aromatics entered the 
equation, followed by an increase to 1.000 when the indanes were added to the equation 
indicated that the aromatics are very good predictors, but that the aromatics and the 
indanes are, in combination, better predictors of whether or not a sample contains diesel 
as opposed to gasoline. The remaining hydrocarbon classes did not enter the equation as 
they did not provide any statistical significance to the prediction. Overall, the presence of 
aromatics and indanes in a sample with 13.92% and 6.08% abundance relative to the total 
abundance of the six hydrocarbon classes, respectively, produces a 92.38% probability 
that the sample contains diesel.  
The results for the remaining sampling days are listed in Table 13 and while they 
cannot be interpreted with any reliability due to the day 0 results, at a minimum they 
deserve mention. It can be observed in Table 13 that all of the predictors were deemed 
significant (P-values < 0.05), with no extreme error in the spread of the data (standard 
error of the coefficient (B) < 2.0), and they all are good predictors of the model given 
their high R2 values. It is interesting to note that for the majority of the sampling days, the 
90 
 
class selected as the best predictor of the case (the case being “the sample contains 
diesel”) was the adamantanes. Additionally, the exponent of the Beta coefficient for the 
adamantanes always returned a result of increased odds of the sample being diesel as 
opposed to gasoline with increased adamantane abundance. The same was not true for the 
aromatics or the indanes, which resulted in decreased odds of the sample containing 
diesel with an increase the abundance of those two classes. 
Table 13- Stepwise Logistic Regression Results for Non Day 0 Samples  
Study Model B SE of B Beta P R2 
Day 8 
General 
Degradation 
Constant 0.981 0.031 
  
 
Adamantanes 
1.502E-
007 0.000 0.996/2.70 0.00 0.993 
Day 16 
General 
Degradation 
Constant 0.991 0.037 
   
Adamantanes 
1.572E-
007 0.000 0.994/2.70 0.00 0.989 
Day 26 
General 
Degradation  
Constant 0.974 0.020 
   
Naphthalenes 
4.711E-
007 0.000 0.998/2.71 0.00 0.997 
Day 3  
Silty-Clay 
Constant 1.977 0.297 
   
Adamantanes 
5.710E-
008 0.000 0.822/2.27 0.00 0.884, 
0.974 Aromatics 0.000 0.000 -0.323/0.72 0.00 
Day 7  
Silty-Clay 
Constant 0.775 0.084 
   
Alkanes 
1.091E-
008 0.000 0.982/2.66 0.00 0.965 
Day 3 
Sandy-
Loam 
Constant 0.965  0.034 
   
Adamantanes 
1.965E-
007 0.000 0.996/2.70 0.00 0.991 
Day 7 
Sandy-
Loam 
Constant 1.011 0.021 
   
Naphthalenes 
4.175E-
007 0.000 1.553/4.72 0.00 0.991, 
1.000 Indanes 0.000 0.000 -0.565/0.56 0.00 
(Note that grey shading indicates values not produced for the measure) 
 
Table 14 includes both a summary of the logistic regression results for the 
probability of the case that was being examined (the case being “the sample contains 
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diesel”), as well as exploratory values that show the probability that a sample contains 
diesel when the abundance values of the hydrocarbon classes observed in gasoline 
samples were input into the prediction equation. 
Table 14- Stepwise Multinomial Logistic Regression Results Summary and 
Exploratory Values 
 
Study/Sampling 
Day 
Predictor(s) Probability of sample being: % 
Change
** 
Diesel, given 
diesel abundance 
Diesel, given gas 
abundances* 
General 
Degradation 
Study 
0 Aromatics 
Cycloalkanes 90.30% 86.00% 4.30 
8 Adamantanes 
 
88.03% 73.16% 14.8 
16 Adamantanes 
 
88.01% 73.21% 14.8 
26 Naphthalenes 
 
88.06% 73.14% 14.9 
Silty-Clay 
Study 
0 Adamantanes 
 
87.36% 74.38% 12.9 
3 Adamantanes
Aromatics 94.09% 88.04% 6.05 
7 Alkanes 
 
87.89% 73.46% 14.4 
Sandy-
Loam Study 
 0 Aromatics 
Indanes 92.38% 90.04% 2.34 
3 Adamantanes 
 
88.10% 73.02% 15.0 
7 Naphthalenes
Indanes 94.14% 77.40% 16.7 
  *exploratory values 
**% change is the difference between the probability of diesel given the diesel abundances and 
the probability of diesel given the gasoline abundances. Yellow highlighting draws attention to a 
less than 10 % difference between the two probabilities 
 
The probabilities of a sample containing diesel when hydrocarbon class 
abundances observed in diesel samples were input into the probability equation were 
always higher than the probability of the sample containing diesel with the gasoline 
abundance values. Additionally, it can be seen in the “% change” column in Table 14 that 
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for seven out of the ten sampling days, a greater than 10% difference exists between the 
% probabilities of a sample containing diesel when diesel abundances were entered into 
the probability equation compared to when gasoline abundances were entered into the 
equation. An exception to the “greater than 10% difference” between probabilities occurs 
when the aromatics are identified by the logistic regression as a predictor class.  
Since the initial day 0 same-result criteria was not met by the logistic regression, 
one-way ANOVAs followed up with post hoc analysis using Fisher’s LSD were 
employed to identify whether either significant differences or non-significant differences 
between hydrocarbon class ion abundances were consistently identified for all three 
studies. The favorable result for the one-way ANOVAs was to receive a result of either a 
significant difference when comparing the ion abundance of two hydrocarbon classes for 
all three studies, or a non-significant difference in the two classes’ abundances for all 
three studies. The one-way ANOVAs separately assessed the following factors: within 
ignitable liquid factors (comparing the ion abundances of different hydrocarbon classes 
when they are within gasoline and separately, when they are within diesel) and between 
ignitable liquid factors (comparing the abundances of the same hydrocarbon class when 
the class is present in gasoline versus when it is present in diesel). The P-values from the 
ANOVAs that were used to identify the classes that did not consistently reject or 
consistently fail to reject the within factor are presented in Table 15 for gasoline, and 
Table 16 for diesel. The yellow highlighted boxes in Tables 15 and 16 indicate a P-value 
of > 0.05, or a failure to reject the null hypothesis which was interpreted as: no significant 
difference between the ion abundances of the two hydrocarbon classes being assessed. 
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The P-value results for the between factor are presented in Table 17 where yellow 
highlighted boxes also indicate a P-value of > 0.05, or a failure to reject the null 
hypothesis which was interpreted as: no significant difference between [hydrocarbon 
class] ion abundance when in present in gasoline compared to when present in diesel. It 
should be noted that the P-values were reported to three decimal points since a P-value 
can measure the strength of significance or non-significance; a lower numbers such as 
0.000 indicates a larger difference between the abundance values than 0.947, for 
example. 
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Table 15- One-Way ANOVA Results: The Difference in Abundance Values of 
Hydrocarbon Classes within Gasoline 
 
Hydrocarbon Classes within 
Gasoline 
P-values* for abundance value differences 
within gasoline hydrocarbon classes for the 
following studies: 
General 
Degradation  
Silty-Clay  Sandy-Loam  
Alkanes Aromatics 0.000 0.000 0.000 
Cycloalkanes 0.000 0.237 0.000 
Naphthalenes 0.000 0.003 0.000 
Indanes 0.000 0.009 0.000 
Adamantanes 0.000 0.002 0.000 
Aromatics Alkanes 0.000 0.000 0.000 
Cycloalkanes 0.000 0.000 0.000 
Naphthalenes 0.000 0.000 0.000 
Indanes 0.000 0.000 0.000 
Adamantanes 0.000 0.000 0.000 
Cycloalkanes Alkanes 0.000 0.237 0.000 
Aromatics 0.000 0.000 0.000 
Naphthalenes 0.000 0.029 0.000 
Indanes 0.000 0.084 0.000 
Adamantanes 0.000 0.024 0.000 
Naphthalenes Alkanes 0.000 0.003 0.000 
Aromatics 0.000 0.000 0.000 
Cycloalkanes 0.000 0.029 0.000 
Indanes 0.960 0.559 0.000 
Adamantanes 0.717 0.930 0.340 
Indanes Alkanes 0.000 0.009 0.000 
Aromatics 0.000 0.000 0.000 
Cycloalkanes 0.000 0.084 0.000 
Naphthalenes 0.960 0.559 0.000 
Adamantanes 0.681 0.503 0.000 
Adamantanes Alkanes 0.000 0.002 0.000 
Aromatics 0.000 0.000 0.000 
Cycloalkanes 0.000 0.024 0.000 
Naphthalenes 0.717 0.930 0.340 
Indanes 0.681 0.503 0.000 
*P-values > 0.05 indicate that the abundances are not significantly different (yellow 
highlighting), and P-values < 0.05 indicate significant differences in the abundance values. 
 
 The one-way ANOVAs identified that the silty-clay cycloalkane abundance was 
not significantly different from the alkane abundance, or the indane abundance. Although 
both comparisons were identified as exhibiting abundance values that were not 
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significantly different, a greater difference between the cycloalkane and indane 
abundances (P = 0.084) was indicated in comparison to the difference between the 
cycloalkane and alkane abundances (P = 0.237). These instances of failure to reject the 
null hypothesis were not observed in the general degradation study or the sandy-loam 
study, indicating that there were statistically significant differences in abundance values 
when comparing the cycloalkanes to alkanes and to indanes for those two studies. 
Additionally, the sandy-loam study P-values indicated that there were significant 
differences in the abundance values when comparing the indanes to naphthalenes (P = 
0.000) and the indanes to adamantanes (P = 0.000), where a highly contradictory result 
was observed for those hydrocarbon class abundance value comparisons in the general 
degradation and silty-clay studies, both producing P-values above 0.5, which indicate that 
the indane, naphthalene, and adamantanes the abundance values are rather similar in the 
samples from those studies. 
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Table 16- One-Way ANOVA Results: The Difference in Abundance Values of 
Hydrocarbon Classes within Diesel 
 
Hydrocarbon Classes within Diesel 
P-values* for abundance value differences 
within diesel hydrocarbon classes for the 
following studies: 
General 
Degradation  
Silty-Clay  Sandy-Loam  
Alkanes Aromatics 0.000 0.001 0.000 
Cycloalkanes 0.002 0.367 0.022 
Naphthalenes 0.000 0.000 0.000 
Indanes 0.000 0.000 0.000 
Adamantanes 0.000 0.000 0.000 
Aromatics Alkanes 0.000 0.001 0.000 
Cycloalkanes 0.000 0.003 0.000 
Naphthalenes 0.000 0.094 0.000 
Indanes 0.002 0.238 0.005 
Adamantanes 0.000 0.091 0.000 
Cycloalkanes Alkanes 0.002 0.367 0.022 
Aromatics 0.000 0.003 0.000 
Naphthalenes 0.000 0.000 0.000 
Indanes 0.000 0.000 0.000 
Adamantanes 0.000 0.000 0.000 
Naphthalenes Alkanes 0.000 0.000 0.000 
Aromatics 0.000 0.094 0.000 
Cycloalkanes 0.000 0.000 0.000 
Indanes 0.058 0.576 0.139 
Adamantanes 0.943 0.982 0.979 
Indanes Alkanes 0.000 0.000 0.000 
Aromatics 0.002 0.238 0.005 
Cycloalkanes 0.000 0.000 0.000 
Naphthalenes 0.058 0.576 0.139 
Adamantanes 0.051 0.561 0.133 
Adamantanes Alkanes 0.000 0.000 0.000 
Aromatics 0.000 0.091 0.000 
Cycloalkanes 0.000 0.000 0.000 
Naphthalenes 0.943 0.982 0.979 
Indanes 0.051 0.561 0.133 
*P-values > 0.05 indicate that the abundances are not significantly different (yellow 
highlighting), and P-values < 0.05 indicate significant differences in the abundance values. 
 
The one-way ANOVAs performed for the hydrocarbon class abundance values in 
diesel also identified the silty-clay study sample abundances as problematic, with an 
increased occurrence of different null hypothesis test results for the hydrocarbon classes 
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between the three studies than was observed for gasoline. The following hydrocarbon 
class comparisons were identified as failing to reject the null hypothesis of “significantly 
different abundances” in the silty-clay samples: alkanes to cycloalkanes, as well as the 
aromatics to naphthalenes, indanes, and adamantanes, indicating that there was not a 
significant difference in abundance between those hydrocarbon classes. The same 
comparisons of hydrocarbon classes in the general degradation study and the sandy-loam 
study identified the null hypothesis as being rejected, indicating that there was indeed a 
significant difference in abundance between those hydrocarbon classes. 
Table 17- One-Way ANOVA Results: The Differences in the Abundance Values of 
Hydrocarbon Classes in Gasoline versus Diesel 
 
Hydrocarbon 
Class 
P-values* for abundance value differences between 
gasoline and diesel for the following studies: 
General 
Degradation 
Silty-Clay Sandy-Loam 
Alkanes 0.001 0.015 0.000 
Aromatics 0.000 0.109 0.000 
Cycloalkanes 0.000 0.013 0.000 
Naphthalenes 0.000 0.007 0.000 
Indanes 0.000 0.024 0.000 
Adamantanes 0.000 0.006 0.000 
*P-values > 0.05 indicate that the abundances are not significantly different (yellow 
highlighting), and P-values < 0.05 indicate significant differences in the abundance values 
 
The P-values in Table 17 show that the aromatic abundances between gasoline 
and diesel day 0 silty-clay study samples were not significantly different where in 
contrast, the general degradation and sandy-loam studies can be observed rejecting the 
null hypothesis, indicating that the aromatic abundances are significantly different 
between gasoline and diesel. Considering all of the P-values in Tables 15 and 16 in 
addition to the failure to reject the null hypothesis for the silty clay-study between 
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ignitable liquid factor as seen in Table 17, the increased occurrences of failing to reject 
the null hypothesis for the silty- clay study indicates possible issues with the raw GC-MS 
data for the silty-clay study samples. The issue with the silty-clay study samples is 
consistent with the issues seen in the linear regression analyses where the silty-clay study 
produced the only correlations that were non-significant.  
3.4 Diagnostic Ratio Modeling of Selected Hydrocarbon Classes  
The purpose of the diagnostic ratio modeling for the classes identified by the 
statistical analyses as exhibiting desirable characteristics, such as reliable degradation and 
resistance to degradation, was to determine whether or not any ratios have useful qualities 
for purposes of either the identification of the presence of an ignitable liquid, or the 
identification of a degree of degradation. Ratios were deemed viable for future research if 
they exhibited a small range between the different sampling days and different studies, or 
if they exhibited a consistent upward or downward trend. Figures 19 and 20 present the 
ratios for the desirable gasoline and diesel hydrocarbon classes, respectively. The 
following abbreviations are used for the hydrocarbon classes: alk=alkanes, 
cyc=cycloalkanes, aro=aromatics, nap=naphthalenes, ada=adamantanes. The following 
abbreviations are used for the three different studies:  gen=general degradation study, 
silt=silty-clay study, sand=sandy-loam study.  
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day 3 silt
day 3 
sand
day 7 silt
day 7 
sand
day 8 gen
day 16 
gen
day 26 
gen
alk:cyc 0.9742 0.9283 0.9320 0.8593 0.7313 0.6968 0.7132
alk:ada 1.3440 0.9869 1.3027 0.6967 0.7805 0.8337 1.2645
nap:cyc 0.8323 0.8274 0.5950 0.9497 0.3318 0.1460 0.2602
nap:ada 1.1482 0.8796 0.8316 0.7699 0.3542 0.1747 0.4612
cyc:ada 1.3796 1.0631 1.3977 0.8107 1.0673 1.1964 1.7729
0.0000
0.2000
0.4000
0.6000
0.8000
1.0000
1.2000
1.4000
1.6000
1.8000
2.0000
Normalized 
Abundance Ratio
Diagnostic Ratio Modeling with Selected 
Hydrocarbon Classes in Gasoline
 
Figure 19- Diagnostic Ratio Modeling: Gasoline 
 
In Figure 19, ratio of the alkanes-to-cycloalkanes is of interest as the abundance 
remains in a small range (0.6968-0.9742) compared to the other ratios, and produces a 
slight, yet consistent, downward trend. These characteristics indicate that the cycloalkane 
abundance decreases slightly faster than the alkane abundance, likely due to the fact that 
n-alkanes and iso-alkanes are not differentiated by the methodology employed which 
causes their abundance to remain higher than expected. Therefore, this assessment 
suggests that this caveat, the inability to distinguish n-alkanes from cycloalkanes, could 
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actually provide a potential way to examine the presence of biodegraded gasoline. None 
of the other ratios of classes produce a trend that could be of utility for future researchers 
and none appear to be useful for an estimate of degree of gasoline degradation.  
day 3 silt day 3 sand day 7 silt day 7 sand day 8 gen day 16 gen day 26 gen
alk:ada 0.7691 0.6464 0.5208 0.4647 0.3606 0.1824 0.1414
aro:ada 0.7689 0.8690 0.6084 0.7301 0.7313 0.4512 0.3166
alk:nap 0.9460 0.7549 0.7024 0.5945 0.4958 0.2787 0.2252
aro:nap 0.9459 1.0148 0.8204 0.9341 1.0057 0.6893 0.5042
alk:aro 1.0002 0.7438 0.8561 0.6364 0.4930 0.4044 0.4466
cyc:nap 1.1057 1.0170 1.0144 0.9668 0.9802 0.7523 0.5814
nap:ada 0.8129 0.8562 0.7415 0.7816 0.7271 0.6546 0.6279
0.0000
0.2000
0.4000
0.6000
0.8000
1.0000
1.2000
Normalized 
Abundance Ratio
Diagnostic Ratio Modeling with Selected 
Hydrocarbon Classes in Diesel
 
Figure 20- Diagnostic Ratio Modeling: Diesel 
 
All ratios produced from the abundance values of the selected diesel hydrocarbon 
classes shown a downward trend, an indication that the numerator class in the ratio is 
decreasing in abundance faster than the denominator class. This may allow ratios to be 
used as both identifiers of the presence of diesel as well as predictors of the degree of 
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degradation of diesel. The first ratio of interest is the naphthalenes-to-adamantanes where 
the range of ratios between all sampling days from all studies remains in a small range 
(0.6279-0.8562). This small range in ratio could allow the ratio of naphthalenes-to-
adamantanes to act as an identifier of the presence of diesel fuel, and may provide an 
indication of the degree of biodegradation, with lower ratios around 0.20 indicating a 
greater level of biodegradation. Two additional ratios are of interest for their consistent 
downward trend as the degradation period increases and are the ratios of alkanes-to-
adamantanes as alkanes-to-naphthalenes. These two ratios could possibly be used to 
determine the degree of diesel biodegradation since they produce rather linear trends.  
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4. Conclusions and Discussion 
It is imperative to mention that none of the statistical assessments employed in 
this thesis research would be used to assess fire debris evidence for the presence of an 
ignitable liquid unaccompanied by a combination of valid qualitative and quantitative 
assessments. The ultimate purpose of this research was to employ statistical assessments 
for the following purposes: to determine whether or not the abundances of the selected 
ions could be used to accurately represent the presence of six classes of hydrocarbon 
compounds in gasoline and diesel, and if so, identify which classes exhibited qualities of 
resistance to and / or reliability of abundance loss during biodegradation. Rather than 
allow the complexities of biodegradation on refined petroleum products such as gasoline 
and diesel to deter their analysis when they are present in an environment capable of 
degrading them (soil), the success of environmental geochemist research and the 
application of statistical methods in identifying crude oils in soils should create interest in 
developing parallel analyses for ignitable liquids. This research arose from interest in 
developing such analyses, and took into consideration the differences between crude oils 
and petroleum products by performing the statistical analyses on classes of hydrocarbons, 
as opposed to specific compounds such as biomarkers in crude oil analysis as those 
compounds are inevitably removed through oil refining processes. 
The results of the simple linear regression analyses that were performed on the 
scatter plots for each hydrocarbon class, in particular the r2 values and Se for the best fit 
line, allowed the relationship between time in soil and abundance loss to be examined. By 
definition, the r2 is the proportion of the variation in ŷ that is explained by the linear 
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relationship between the x and ŷ variables 62. An r2 close to 1 indicates a strong 
relationship where the x-value (time in soil given this research) is able to reliably identify 
ŷ-value (the abundance of particular ions on that degradation day). Oppositely, an r2 
value close to 0 indicates a weak relationship where the x-value is not a good identifier of 
the ŷ-value. The Se by definition is: the difference between the y-intercept value for a 
given x-value when using the best fit line to extrapolate, and the actual y-intercept for 
that x-value 62. A low Se is an indication that the data points in a scatter plot all lie close 
to the best fit line, and that the y-intercept value (abundance) predicted by the best-fit line 
for a given x-value (days in soil) is close to the actual y-intercept value. It should be 
noted that the r2 values as well as the Se were interpreted assuming the pipetting of the 10 
µL of gasoline and diesel was precise. Additionally, the reproducibility of the MS 
detection of the hydrocarbon class-indicating ions was also considered to be a possible 
factor affecting the r2 and Se values. It was determined that the consequence of low 
reproducibility would not be detrimental to this method of statistical analysis due to the 
fact that GC-MS analysis is the most common instrumental analysis method used for 
ignitable liquid detection and therefore, reproducibility issues are likely to be mimicked if 
further research using these methods is employed. 
In addition to the r2 values and Se obtained from the scatter plots during the 
simple linear regression analyses, the slope of the best fit line and the error of the slope 
were obtained to assess the rate of abundance loss for each hydrocarbon class over the 
given degradation period. The slope of each best fit line identified the loss of abundance 
units as the x-value is increased by one (1 day in soil). Given that the correlations in all of 
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the scatter plots were negative correlations (trend downward to the right) resulting in 
negative slopes, a large negative slope (closest to zero, or horizontal) was determined to 
be a more desirable quality than a small negative slope (further from zero, more vertical). 
Additionally, since slope is a measure of change over time, it was only appropriate to 
compare the slopes from data points from different studies that had the same number of 
sampling days. Therefore, in order to compare the general degradation study, which 
involved a 26 day degradation period, to the specific soil-type studies, which involved a 7 
day degradation period, it was necessary to use the predicted ŷ-values for day 3 and 7 of 
the gasoline and diesel general degradation studies. 
The direct assessments of gasoline hydrocarbon class-indicating abundance using 
descriptive statistics identified all scatter plots as exhibiting significant correlations 
between time and abundance loss. The results for the r2, Se, and slope values indicated the 
following: the naphthalenes exhibited qualities of linearity with overall high r2 values, 
and the alkanes exhibited qualities of being a somewhat reliably and reproducibly 
degraded class with comparatively low % Se values given all three studies. The 
adamantanes and cycloalkanes exhibited resistance to degradation with a relatively low 
rate of change/large negative slopes when considering the results from all three of the 
degradation studies. One observation that deserves further discussion is the rate of 
degradation of the naphthalenes; although they are class of hydrocarbons that is known to 
exhibit characteristics of resistance to degradation, the naphthalenes experienced greater 
levels of degradation than the adamantanes and cycloalkanes. This observation is 
supported by research that has identified naphthalenes as less resistant to biodegradation 
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in comparison to adamantanes and the equivalent molecular weight cycloalkanes with 
similar levels of branching 33 56.  Overall, there was no hydrocarbon class in gasoline that 
exhibited both a linear and reliable degradation as well as resistance to degradation.  
The direct assessments of diesel hydrocarbon class-indicating abundance using 
descriptive statistics identified that not all scatter plots exhibited significant correlations 
of time and abundance loss; the adamantane-indicating and total ion scatter plots 
produced correlations with P-values > 0.05. Subsequent analysis using the Dixon test for 
identification of possible outliers indicated that no outliers existed. After visual 
inspection of the scatter plots, the apparent cause of the non-significance in the 
adamantane scatter plot was that one of the triplicate samples on day 3 maintained a high 
abundance value compared to the other two data points on that sampling day. After 
examining the scatter plots for the other hydrocarbon classes from the day 3 silty-clay 
study samples, the one high abundance data point was mirrored in the scatter plots for the 
five other hydrocarbon classes. Additionally, one data point with a higher abundance 
relative to the remaining data points was not mirrored in any of the day 0 or day 7 
samples in the silty-clay study (which were prepared as different aliquots), and therefore, 
one possible and likely factor of the non-significant correlation was determined to be 
from a lack of precision in pipetting the 10 µL of diesel fuel in the day 3 silty-clay study 
samples. 
For the r2, Se, and slope results from the simple linear regression analyses on 
hydrocarbon classes in diesel, no single hydrocarbon class exhibited linearity and 
reliability of degradation as well as resistance to degradation. If the r2 values and slope 
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values were considered separately, the aromatics were the only class to exhibit relatively 
linear as well as reliable degradation throughout all studies, but they also exhibited the 
second fastest rate of degradation. Additionally, the alkanes in diesel produced interesting 
results as they exhibited linear degradation given a 7-day degradation period, but did not 
exhibit the same linearity when experiencing a 26-day degradation period. This 
observation highlights one caveat of using hydrocarbon class indication ion abundance in 
this research; the inability to distinguish readily degraded n-alkanes from comparatively 
biodegradation resistant branched alkanes when using the ions selected for indicating the 
presence of alkanes. The reliable decrease in alkane-indicating ion abundance observed in 
the specific soil type studies is likely due in large part to the degradation of n-alkanes, 
with the subsequent decrease in reliability in the general degradation study that spanned 
26 days likely being caused by the degradation of the remaining branched chain alkanes, 
which vary in their susceptibility based on the level of branching 25. This caveat may 
ultimately become beneficial in the field of fire debris analysis as the ions selected for 
indicating the presence of alkanes are able to represent some of the most as well as some 
of the least biodegraded compounds in ignitable liquids.  
Considering the slope values for hydrocarbon classes in diesel, although the 
adamantane scatter plot in the silty-clay soil type study exhibited a non-significant 
correlation, they still exhibited the slowest rate of degradation when compared to the 
other hydrocarbon classes in diesel. The high slope error that was associated with the 
slow rate of change for the adamantanes for the silty-clay study samples can be attributed 
to the non-significance of the correlation in the silty-clay adamantane scatter plot (which 
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can be attributed to technical issues when obtaining the abundance values for one of the 
sampling days), but the same explanation cannot be used for the high slope errors for the 
general degradation and sandy-loam studies. Therefore, the high slope error observed for 
the adamantanes in the silty-clay study were not cause to dismiss the adamantanes as a 
possible biodegradation-resistant hydrocarbon class in diesel.  
The two-way ANOVAs were used to simultaneously assess, for each hydrocarbon 
class, the differences in ion abundance given a period of degradation between two 
selected sampling days as well as the differences in ion abundance given the three 
different soil types. The results of the two-way ANVOAs produced three P-values for 
each hydrocarbon class (in gasoline and diesel separately) that measured the effects of 
time in soil, the effects of the different soil types, and the effects of time-soil type 
interaction. The two P-values of interest were the values that measured whether or not 
time in soil produced significantly different abundance values, and whether or not the 
different soil types produced significantly different abundance values. Since the objective 
of the two-way ANOVAs was to identify hydrocarbon classes that did not have 
significant differences in abundance over time or between the different soil types, P-
values of > 0.05 were of interest as P-values < 0.05 indicate that a significant difference 
between two numbers does exist. Therefore, when resulting P-values were > 0.05, the 
certainty that the numbers were significantly different decreased with larger P-values. 
Larger P-values ultimately indicated the likelihood that the values were similar. Once the 
hydrocarbon classes that were likely to have similar abundance values for the different 
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sampling days and the different study types were identified, bar graphs were produced in 
order to visually assess how similar the abundance values were.  
The results of the two-way ANOVAs indicated that the alkanes in gasoline and 
the cycloalkanes in both gasoline and diesel show similar abundance values given the 
three different study conditions, indicating that those classes experience reliable 
abundance loss. The adamantanes in gasoline exhibited similar abundance values for both 
day 3 and day 7 of sampling, a characteristic of relative resistance to degradation. The 
naphthalenes and adamantanes in diesel both showed similar abundance values between 
the three soil types as well as between day 3 and day 7 of sampling, characteristics of 
reliability of their degradation as well as resistance, making those two hydrocarbon 
classes in diesel the most desirable for future research in comparison to the other four 
hydrocarbon classes given this assessment. 
The utility of the most abstract type of analysis in this research, the stepwise 
multinomial logistic regression, was to see whether or not hydrocarbon classes were 
identified as the predictor of the ignitable liquid type (diesel) at similar degradation time 
points between the three different studies. The result identified a different predictor 
classes for the day 0 samples for all three studies, as well as different predictor classes for 
sampling days of similar degradation lengths (i.e. day 7 and day 8 sampling days) 
between different studies. Due to the fact that no day 0 predictors in the multinomial 
logistic regression analyses were the same, it was determined that the logistic regression 
results could not be reliably assessed for hydrocarbon classes of interest. In order to see if 
the arbitrary results of the multinomial logistic regression may have been due to the data 
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or the methodology, one-way ANOVAs followed up with Fisher’s LSD were performed. 
The one-way ANOVAs were employed to determine which hydrocarbon classes did not 
produce the same measure of significant difference or non-significant difference in 
abundance value by assessing, for each hydrocarbon class (in gasoline and diesel 
separately), where P-values were > or < 0.05 given all three studies. In instances where a 
hydrocarbon class did not produce P-values > 0.05 for all three studies or of < 0.05 for all 
three studies, an issue with ignitable liquid pipetting was suggested as the ANOVAs were 
performed only on the day 0 samples, where no degradation had occurred. Inconsistent P-
values for multiple hydrocarbon classes across the three studies were observed for the 
assessment of hydrocarbon classes within both gasoline and diesel samples, and were 
also observed for the aromatics when comparing aromatic in abundance in gasoline to 
aromatic abundance in diesel across the three studies.  
Another contributing reason for the differences in results for the day 0 samples 
and a limitation of performing the logistic regression analysis with this data arises from 
the way in which this type of analysis selects predictors of a model; predictors are 
selected based on best overall prediction, and whether that is just one predictor or a 
combination of predictors, there is no bias towards choosing a fewer number versus a 
greater number of predictors. Therefore, one very substantial predictor may exist, but a 
combination of other predictors may produce a better prediction than a single, significant 
predictor alone. Essentially, a noteworthy aspect of the regression results is if a class is 
not selected as a predictor, then that class is not necessarily a poor predictor, but rather it 
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was a combination of other classes that statistically provided a better overall prediction of 
whether or not diesel is present in a sample as opposed to gasoline.  
It should be noted that it was not the assumption that samples, either neat or 
biodegraded, containing gasoline and diesel would be difficult to differentiate for the fire 
debris analyst, the premise under which the multinomial regression analyses was 
performed was as follows: if the presence of diesel can be reliably differentiated from 
gasoline by a select few predictor classes, the possibility that those classes could identify 
the presence of an ignitable liquid, or could differentiate an ignitable liquid from a non-
ignitable liquid, presents itself. Although the results of the analysis were deemed 
unusable, an unforeseen yet promising result of the regression analyses was that one 
hydrocarbon class produced a high prediction probability of the case in seven of the ten 
regressions. This observation is an indication that the assessment of select hydrocarbon 
classes can provide meaningful information regarding the ignitable liquid, as opposed to 
the requirement for all classes to be assessed in order to draw conclusions about the 
ignitable liquid. Therefore, the selection of particular hydrocarbon classes for future 
research throughout this thesis is supported. In conclusion, it was determined that more 
work needs to be done to identify which values should be employed when using 
multinomial logistic regression analysis, possibly either normalized values or the relative 
ratio values, both of which would be between 0 and 100 as opposed to large 5-10 digit 
values, and that pipetting accuracy is crucial when performing statistical assessments on 
GC-MS abundance data.  
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The development of the diagnostic ratio line graphs for this research was intended 
to provide an example of how the abundances of hydrocarbon classes in ignitable liquids 
may be used after additional research and/or validation studies are performed. If 
continued research is able to identify reliable hydrocarbon classes that exhibit the same 
degradation characteristics under a multitude of different study parameters (different soil 
types, longer degradation periods, etc.), then an additional step in a fire debris analysts’ 
testing regimen may include the assessment of selected ion abundance ratios for 
particular hydrocarbon classes. Regardless of whether or not the particular statistical 
analyses employed in this research are utilized in future studies, this thesis research 
shows that quantitative data assessments and the use of statistical analyses may be an 
effective tool for future research within the field of fire debris analysis.  
4.1 Future Directions  
According to the 2009 National Academy of Sciences report titled Strengthening 
Forensic Science in the United States: A Path Forward, empirical research in fields such 
as fire debris analysis is called for. To continue addressing the request and suggestions in 
this report, additional research in the area of quantitative, statistical analysis of ignitable 
liquid residues is necessary. The following are some examples of empirical research 
studies that could be used to validate and further develop the methods proposed in this 
research: performing additional biodegradation studies similar to this research with some 
revisions such as all studies being carried out with the same number of degradation days, 
an increased number of sampling days, and greater than three replicates per condition 
with specific focus on accurate pipetting and reproducible methods. Also, the analysis of 
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standards utilizing the same methods of sample preparation as the study samples would 
be necessary. Utilizing the same data treatment methods and statistical analyses 
employed in this research would be tremendously helpful in determining whether or not 
the conclusions based off of the results in this research are reproducible or if they are 
simply observations unique to this experiment. Blind studies may also be employed, 
where biodegraded ignitable liquid residues of unknown composition are provided to an 
analyst who can utilize the methods of statistical analysis proposed in this research to 
derive conclusions about the unknown sample. The results of the analyst employing the 
statistical methods can then be compared to the known details of the sample (liquid type, 
level of degradation, etc.) to determine whether or not their conclusions are correct.  
For future studies specific to validating possible diagnostic ratios for both neat as 
well as weathered or biodegraded ignitable liquids, cross validation studies can be 
performed and could include all major soil types in the New England region, and span a 
set period of time. For example, if adamantanes are of interest, these studies can focus on 
tracking the abundance losses of the adamantanes over time in many different 
environments to determine a range that the ratios fall within. Once the studies are 
complete, all of the ratios from the different studies can be assessed using linear 
regression where the standard deviation of the best fit line can be used to provide a range 
of abundance that should be observed for the adamantanes that could accurately identify 
the presence of biodegraded diesel.  
Due to the fact that interferences are also a challenge in fire debris analysis, the 
analysis of commonly known interference producing and pyrolyzate-producing substrates 
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could be analyzed and have the same statistical methods employed to determine whether 
or not the hydrocarbon class-indicating ion abundances in substrates (with no ignitable 
liquid residue present) would produce the same abundance values and ratios. 
Additionally, concerning the presence of petroleum products in manufactured goods, 
ratios of ions such as those that indicate alkenes could be researched to determine 
whether or not incidental petroleum products inherently present in certain goods could be 
differentiated from ignitable liquids such as gasoline and diesel. Research into 
differentiating light, medium, and heavy petroleum distillates using ion abundance 
methods is also a possibility for carrying on this research. 
Lastly, more research into the utility of adamantanes and other high molecular 
weight compounds for the identification of degraded gasoline and diesel is warranted by 
some of the observations in this research. Initial research into identifying the presence of 
adamantanes in ignitable liquids using conventional GC-MS may be a reasonable starting 
point. For example, identifying the co-elution mass spectra of adamantanes with other 
hydrocarbons or purchasing standards of hydrocarbons and experimenting with the 
separation of adamantanes from other hydrocarbons may provide insight into adamantane 
identification.  
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5. Appendix 
Scatter plots from Simple Linear Regression Analyses 
Gasoline 
General Degradation Study 
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Silty-Clay Study (Gasoline) 
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Sandy-Loam Study (Gasoline) 
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Diesel 
General Degradation Study 
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Silty-Clay Study (Diesel) 
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Sandy-Loam Study (Diesel) 
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